The formation of non-metallic inclusions during steelmaking. by Waudby, Peter E.
The formation of non-metallic inclusions during 
steelmaking.
WAUDBY, Peter E.
Available from Sheffield Hallam University Research Archive (SHURA) at:
http://shura.shu.ac.uk/20506/
This document is the author deposited version.  You are advised to consult the 
publisher's version if you wish to cite from it.
Published version
WAUDBY, Peter E. (1973). The formation of non-metallic inclusions during 
steelmaking. Doctoral, Sheffield Hallam University (United Kingdom).. 
Copyright and re-use policy
See http://shura.shu.ac.uk/information.html
Sheffield Hallam University Research Archive
http://shura.shu.ac.uk
Sheffield Hallam University #
REFERENCE ONLY '•
r* ^ " 
■V. j  . 7
“6 . hoi. 1978
3 0 MAR 1995
I ^Ox)
I I  %
Books must be returned promptly, or ren ew ed , on  
or  before th e  last date stamped above.
FAILURE T O  D O  SO WILL INCUR FINES
P L /17
ProQuest Number: 10701153
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 10701153
Published by ProQuest LLC(2017). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
THE FORMATION OF NON-METALLIC INCLUSIONS 
DURING STEELMAKING
A thesis  subm itted to the Council fo r National A cadem ic Awards in application
fo r the degree of
Doctor of Philosophy 
in
THE SHEFFIELD POLYTECHNIC 
by
P e te r  Edward Waudby, M .S c ., A .R .I .C .
O ctober, 1973
The author is  Senior Investigator in  the Steelm aking Section a t the  R esearch  
and Development D epartm ent, Special S teels Division of the B ritish  Steel 
C orporation, Swinden L ab o ra to rie s , M oorgate, R otherham .
The Form ation of Non-M etallic Inclusions During Steelmaking
The work was c a rr ie d  out a t Swinden L abora to ries and also  at various m elting 
shops within the Special Steels Division of the B ritish  Steel C orporation. It form ed 
p a r t of an extensive and continuing program m e of work on non-m etallic  inclusions and 
a thesis based on e a r lie r  labora to ry  deoxidation experim ents c a rried  out between 1967 
and 1970 was successfully  subm itted fo r the degree of M aster of Science in the 
U niversity of Sheffield in D ecem ber, 1970.
The p re sen t thesis  is  based on a s e r ie s  of steelm aking tr ia ls  aim ed a t 
im proving stee l cleanness and c a rrie d  out during the period May, 1970 to June , 1973 
under the supervision of D r. D. Engledow and M r. T . J .  J .  Smith. During this 
p e rio d , reg u la r tu to ria ls  w ere held a t the Sheffield Polytechnic to d iscuss the p ro g ress  
of the work and the following conferences /s e m in a rs  w ere attended:-
(i) B .I .S .R .A . C onference, "Clean S teel", held a t 
Scarborough, O ctober, 1970*
(ii) Sem inar in P ro cess  M etallurgy held a t Im perial 
College, London, A pril, 1973
(iii) International Symposium on M etallurgical C hem istry  -  
Applications in F e rro u s  M etallurgy, held a t Sheffield 
U niversity , Ju ly , 1971*
(iv) "Non-M etallic Inclusions in Steel -  T heir O ccurrence 
and E ffec ts" . Series of Sem inars held a t Sheffield 
Polytechnic, 1973*
* Paper p resen ted
The re su lts  obtained in th is p rogram m e of w ork and the theories  developed 
a r e ,  to the b est of my knowledge, orig inal except where re fe ren ce  is  made to o ther 
a u th o rs . No p a r t of th is thesis has been subm itted for degrees a t any o ther college 
o r un iversity .
P  . E . Waudby 
O ctober, 1973
ACKNOWLEDGEMENTS
I would like to reco rd  my thanks to D r. K. J .  Irv ine , Head of R esearch , 
and D r. A. Nicholson, P ro cess  R esearch  M anager, Swinden L abora to ries fo r 
p e rm ission  to subm it this th e s is .
It is  with g rea t p leasu re  that I acknowledge the help and suggestions of:-
(i) M r. T. J .  J .  Sm ith, D epartm ent of M etallurgy,
Sheffield Polytechnic
(ii) D r. D. Engledow, Steelm aking Section,
Swinden L abora to ries
(iii) D r. F . B. P ickering , D epartm ent of M etallurgy,
Sheffield Polytechnic
(iv) D r. W. J . M. S a lte r, M etallurgical D epartm ent,
Stocksbridge and Tinsley P a rk  Works
I am  also  indebted to other staff m em bers fo r th e ir p ra c tic a l he lp :-
(i) M etallographic Section
(ii) A nalytical C hem istry  Section
(iii) R eprographic Section
F inally , I should also  like to thank M rs. B . B onser fo r typing the 
m anuscrip t.
SUMMARY
A com prehensive review  of the lite ra tu re  on deoxidation and inclusion form a­
tion has been ca rried  out, including the re su lts  of both labora to ry  experim ents and 
full sca le  p lant t r ia ls . The m ain a re a s  for d iscussion  have been :-
(i) Nucleation of inclusions
(ii) Growth and elim ination of inclusions
(iii) Effect of steelm aking variab les on inclusion form ation
(iv) Reoxidation of stee l
(v) S tee l-re frac to ry  in teractions
The experim ental work has com prised a num ber of planned investigations 
into the types of oxide inclusions p re sen t a t various stages during the steelm aking , 
tapping and teem ing of sev era l qualities of s tee l made by b asic  e lec tr ic  a rc  and open- 
h earth  p ro c e sse s . A se r ie s  of tr ia ls  aim ed a t im proving s tee l cleanness have been 
c a rrie d  out and i t  has been possib le  to study the effects of num erous p ro c ess  v a riab les  
during steelm aking on the nature  of the non-m etallic  inclusions in the liquid m eta l.
It has been shown that despite a bath of stee l being re la tive ly  free  from  inclu­
sions p r io r  to tapping, the en trainm ent of exogenous m a te ria l (e .g . s lag , reoxidation 
and re fra c to ry  erosion  products) during tapping and teem ing can re su lt  in quality 
p roblem s an d /o r reduced yield . Ladle re fra c to ry  erosion  is a m ajor source of 
inc lusions, p a rticu la rly  in h igher m anganese s te e ls , and the p rac tice  of s lag -m eta l 
m ixing during tapping to effect desulphur is ation has been shown to lead to s lag -based  
inclusions in the ingot.
The form ation of alum ina agglom erates in 25 t slab ingots of carbon-m anganese- 
niobium stee l has been stud ied . A steelm aking p rac tice  aim ed a t reducing the incidence 
of these agglom erates and im proving ductility  has been developed involving among 
o ther th ings, a full alum inium  deoxidation p ra c tic e , 70% AI2 O3  ladle re f ra c to r ie s  and 
argon shrouding of the teem ing s tre am .
An attem pt has been made to account fo r the changes in the types of oxide 
inclusions throughout the steelm aking of each tr ia l c a s t. F inally , b r ie f  consideration  
has been given to possible  methods of fu rth e r im proving s tee l c leanness.
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SECTION 1 -  INTRODUCTION
Steelm aking p ro cesses  involve rem oving large  amounts of dissolved 
im purity  elem ents from  molten iro n . M ost of the im purities a re  rem oved by 
oxidation re a c tio n s , which a re  prom oted by introducing oxygen into the m elt from  
highly oxidising slags o r g ases .
As the concentration of oxidisable elem ents is low ered , the activ ity  of 
oxygen in c rease s  until a t the end of the oxidation p e rio d , a  low carbon m elt can 
contain up to 0.15% dissolved oxygen. In the case of killed s tee ls  th is m ust be 
low ered so that the subsequent solidification in the mould proceeds without evolu­
tion of carbon monoxide resu ltin g  from  the carbon-oxygen reactio n . O therw ise the 
carbon monoxide bubbles would cause the rem ain ing  liquid to effervesce  in the 
mould and produce a stee l with a high degree of po rosity . This deoxidation p ro cess  
can be conducted in norm al steelm aking p rac tice  by diffusion deoxidation under 
reducing s lag s , an d /o r by precip ita tion  deoxidation by the addition of elem ents which 
have a g re a te r  affinity fo r  oxygen than carbon a t the tem pera tu re  of m olten s te e l. 
P recip ita tion  deoxidation leads to the form ation of solid o r liquid reaction  products 
which a re  sparingly  soluble in the liquid s tee l and which tend to sep a ra te  because of 
th e ir  physical p ro p e rtie s .
At any given tim e during the steelm aking p ro cess  the to tal oxygen content of 
the m olten m etal is  com prised  of the oxygen dissolved in the liquid s te e l , which is  
la rge ly  determ ined by the carbon , m anganese, silicon  and o ther e lem ents in the 
s te e l, and the oxide inclusions which a re  in suspension in the bath . In high carbon 
s te e ls , p a rticu la rly  in the p resen ce  of m anganese and silicon , the d isso lved  oxygen 
is  usually  quite low, but there  can nevertheless  be an appreciable am ount of non- 
m etallic  m a te ria l in the m elt, e ith e r from  deoxidation, o r  from  reoxidation , s lag  
en tra inm ent and re fra c to ry  erosion  which take place during the steelm aking , tapping
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and teem ing p ro c e s s e s . W hilst there  is a continual tendency fo r these non-m etallic  
inclusions to float out of the m elt, the ra te  of rem oval depends upon the type of 
inclusion which is p re se n t. M oreover , there  is frequently a continual renew al of 
the inclusions by the entrapm ent of s lag , erosion  products and reoxidation p roducts .
W hilst every  precaution is  taken during steelm aking to elim inate oxide inclu­
sio n s, some of them  invariably find th e ir way into the ingot, in which a proportion  of 
them  a re  entrapped during solid ification. These entrapped oxide inclusions can be 
the cause of dangerous defects and frequently  re su lt  in the re jec tion  of the m a te ria l 
because of poor quality. The type, shape, s iz e , amount and d istribu tion  of the inclu­
sions can m arkedly affect the useful p ro p e rtie s  of the s tee l. In p ra c tic e , fo r exam ple, 
there  a re  many cases in w hich, in spite  of the sam e com position, heat trea tm en t, 
and s tru c tu ra l condition of the s te e l, la rg e  d ifferences can occur in ce rta in  p ro p e r­
ties such as ductility , toughness, w orkability  and also co rro sio n  re s is ta n c e .
Numerous studies in the lite ra tu re  deal with the de trim en ta l effects of inclusions on 
the physical and m echanical p ro p e rtie s  of s te e l, and fo r these reaso n s the s tee lm ak er 
tr ie s  to keep the content of oxide im purities in s tee l to a m inim um .
In o rd er to im prove the quality of the s tee l by elim inating inclusions as fa r  
as possib le , it is  f i r s t  n ecessa ry  to know at which stage in the steelm aking , tapping 
and teem ing p ro cesses  the inclusions a re  fo rm ed , and if possib le  th e ir o rig in . It 
was with this objective tha t the w ork which is  described  in th is thesis  was c a r r ie d  
out.
SECTION 2 -  LITERATURE REVIEW
2.1 CLASSIFICATION OF INCLUSIONS
Deoxidation may occur when the deoxidant is added to the m elt and this 
re su lts  in  the form ation of p rim ary  deoxidation p roducts . Deoxidation m ay also  
occur during cooling of both the liquid and solid stee l a t decreasing  te m p e ra tu re , 
due to the action of the alloying elem ents in the liquid and solid s tee l and to the 
d ecreasing  solubility of oxygen. This re su lts  in the form ation of secondary  deoxi- 
dation p roducts. The p r im ary  deoxidation products have a g re a te r  opportunity fo r 
escape from  the s tee l than those which form  by the secondary p ro cess  on a falling 
tem peratu re  sca le . In the solidified s te e l, those inclusions which w ere form ed by 
the deoxidation reactions a re  usually  a  re su lt of both p rim ary  and secondary 
p rocesses^1).
N on-m etallic inclusions can a lso  be divided into two o ther groups, those of 
indigenous orig in  and those of exogenous o r i g i n ^ ) .  The fo rm er group contains 
inclusions occu rring  as a  re su lt of chem ical reac tions taking place in m olten o r 
solidifying s te e l, w hereas the la tte r  group contains those resu ltin g  from  m echanical 
en trainm ent of s lag s , re fra c to rie s  o r o ther m a te ria ls  with which the m olten s tee l 
com es in contact. Adopting S im s’ d e fin itio n ^ ), indigenous inclusions a re  those 
tha t p rec ip ita te  as a  re su lt  of chem ical reactions in the s tee l. They consist p r in c i­
pally  of oxides and sulphides and the reactio n s  which form  them  m ay be induced 
e ith e r by additions to the s tee l o r  sim ply by changes in solubility  during the cooling 
and freezing of the s te e l. Exogenous inclusions occur in g rea t v a rie ty , but fo r  the 
m ost p a r t  a re  read ily  distinguishable from  indigenous inclusions. C h arac te ris tic  
fea tu res of exogenous inclusions include a generally  la rg e r  s iz e , sporadic  o ccu rren ce , 
p re fe rre d  location in ingot o r casting , ir re g u la r  shape and com plex s tru c tu re . They 
usually  occur as ox ides, a  re su lt of the com positions of potential exogenous m a te ria ls
-  4  -
such as slags and re fra c to r ie s .
Although the above division of inclusions provides a  na tu ra l s ta r tin g  point 
fo r a d iscussion  of th e ir  orig in  and form ation , this division is an oversim plification .
It is  a  common phenomenon fo r in s tan ce , that indigenous p rec ip ita tion  can occur on 
exogenous nuclei during the whole of the steelm aking p ro c e ss . Many inc lusions, 
th e re fo re , continuously change th e ir  com position in the s tee l m elt and even in the 
solid s tee l (4).
2 .2  THERMODYNAMICS OF DEOXIDATION
2 .2 .1  Deoxidation E quilib ria
Num erous studies in the lite ra tu re  deal with the therm odynam ics of deoxida­
tion reactions and com prehensive review s of p a s t work on steelm aking equ ilib ria  
have been p u b lish ed ^ ”^).
Deoxidation equ ilib ria  re la tin g  to the m ost common deoxidants used in s te e l­
making a re  sum m arised  in F ig . 2.1 as a log-log plot of the concentration of oxygen 
in solution in liquid iron  against that of the added e lem en ts^® *H ). In a ll c a s e s , the 
oxygen and the alloying elem ents in solution a re  in equilibrium  with the appropria te  
g a s , liquid o r solid oxide phase a t 1600°C, e . g . , 1 a tm . CO, pu re  BgOg, pu re  AlgOg, 
e tc . The curves fo r Mn, Si and C a re  from  compiled data. The cu rves fo r C r, V,
B , Ti and A1 a re  based  on recen t work by Fruehan using an oxygen galvanic c e l l ^ ) # 
In a general fo rm , the solubility  of a deoxidation p roduct, MxOy, re su ltin g  
from  the reaction  of a deoxidant, M, with oxygen in liquid iron  is rep resen ted  b y :-
MxOy “  xM + yO eqn. (2 . 1 )
fo r which, a t a  given tem p era tu re , the equilibrium  constant i s : -
eqn. (2 . 2 )
a M O x y
in which ’h r re p re se n ts  the H enrian activ ity  (dilute w t. % solution) and Ta T the
Raoultian activ ity  (pure oxide) a t equilibrium . The com position of the oxide phase in
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equilibrium  with the m elt depends on the tem peratu re  and alloy com position. F o r 
exam ple, a t the uni varian t point a t 1600°C, iron  containing about 3% Cr* coexists in 
equilibrium  with ch rom ite , F e O .0 ^ 0 3  and chrom ic oxide, Ch^C^. Below 3% C r, 
chrom ite is the equilibrium  oxide phase and above 3% C r, chrom ic oxide is  form ed 
as the equilibrium  phase . The points m arked on the curves give com positions c o r re s ­
ponding to the th ree-phase  univariants a t which two oxide phases a re  in equilibrium  
with the m elt. The curves in te rsec ting  a t these points should have d iffe ren t s lopes. 
However, the data a re  not accura te  enough to rev ea l changes in the slopes of the 
curves a t the un ivarian t po in ts.
With the exception of (FeMn)O, a ll o ther solid deoxidation products have 
essen tia lly  s to ich iom etric  com positions. In such c a se s , the activ ity  of the oxide is  
unity by definition.
Since, in g en era l, the deoxidants added to s tee l a re  p re se n t in d ilu te  solution, 
the solute ac tiv ities  a re  given b y :-
hM = fM • £ % • •  •• *• •• ecln * (2 *3)
h = f . [ % 0 ]  . .  . .  . .  . .  . .  eqn. (2.4)
where f^. and f^  a re  the H enrian activ ity  coefficients of the deoxidant and oxygen
resp ec tiv e ly . At infinitely dilute solution, h ^  = [% M] and h ^  = [% O] in the m e ta l.
Substituting equations (2.3) and (2.4) into equation (2.2) and taking a ^  = 1 g iv es :-
x  y
K = [% M ]X . [% 0 ]y . f ^ .  f y . .  . . ._.____ eqn. (2.5)
\
w here f ^  and f^  approach 1 as [% M] ^ —> 0  ^  ^ e )
It can be seen  from  F ig . 2.1 that in sev e ra l sy s te m s , the so lub ility  of oxygen 
in itia lly  d ecreases  with inc reasin g  content of the deoxidant. F u r th e r in c re a se  in the 
concentration of the deoxidant then leads to an in c rease  in the oxygen so lub ility . The 
resu ltin g  minimum points a re  caused by changes in the activ ity  c o effic ien ts ,
* U nless stated  o therw ise , a ll com positions, deoxidant additions, e tc . a re  given as 
w t. %
f^. and f ^ ,  with [% M] . In the system s under consideration , as the concentration 
of the deoxidising elem ent in c re a se s , so does its  activ ity . How ever, the deoxidising 
elem ent a lso  d ecrea se s  the activity  coefficient of oxygen. The net re su lt is  that a 
m inim um  m ay occur in the oxygen solubility . The general trend is  that the m inim um  
oxygen content d ec reases  as the stab ility  of the deoxidation product in c re a s e s . In 
addition, the concentration of the deoxidising elem ent a t which the m inim um  o c cu rs , 
d ecreases  with increasing  stab ility  of the oxide.
Using the above d a ta , the tem peratu re  dependence of the equilibrium  constant 
K in equation (2.5) is  given in Table 2 .1  fo r sev e ra l deoxidants(10). R eliable equi­
librium  constants fo r deoxidation by boron , vanadium and titanium  a re  only available 
a t 1600°C. In deoxidation with titan ium , ,TiOT is form ed at titanium  contents above 
about 5%. At low er titanium  contents, sev era l oxides have been o b s e r v e d ^ ) ,  e .g .  
FeO.TiC > 2  (liquid), TiO£, T i2 C>3 T i3 ^ 5 * How ever, below 0.3% T i, the so lubility  
p roduct a t 1600°C can be p resen ted  sa tisfac to rily  by a^ ou^  T ^ 2
may not n e c e ssa rily  be the equilibrium  oxide p h a se .
2 .2 .2  E ffect of Alloying E lem ents on the Activity Coefficient of Oxygen
The additions of m ost deoxidants to s tee l d ec rease  the activ ity  coefficien t of 
oxygen. The effect of various elem ents on the activity  coefficient of oxygen is  p r e ­
sented in F ig . 2 .2  as a  p lo t of log f^  v e rsu s  w t. % j. The re su lts  fo r alum inium , 
titan ium , boron , vanadium and chrom ium  w ere recen tly  obtained by Fruehan^12) 
using a galvanic cell to m easure  the activ ity  of oxygen. The re su lts  fo r the o th e r 
elem ents w ere obtained using conventional gas equilibrium  techniques and have been 
compiled by E llio tt e t al(^).
F o r m ost low alloy s te e ls , a convenient method of describ ing  the e ffect of an 
alloying elem ent, j , on the activ ity  coefficient of oxygen is  by the in teraction
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coefficient, e** , defined a s :-  * o
j = d(log fQ),_ 
o d(wt. % j) ^  q •• •• •• eqn. (2 . 6 )
This is  equivalent to the slopes of the lines in F ig . 2 .2  a t ex trem e dilution. It is  
em phasised that the in teraction  coefficient can only be used in the lim iting case  of low 
concentration of the alloying elem ent. A lis t  of the in teraction  coefficients is  given in 
Table 2 .2  together with the com position lim its  fo r which equation (2.6) is a reasonable  
approxim ation (I.*). As a  general ru le , the m ore stable the oxide of the alloying 
e lem ent, the g re a te r  is  the negative value of the in teraction  coefficient.
2 .2 .3  Silicon-M anganese Deoxidation
Silicon and m anganese a re  the m ost widely used deoxidants added to s te e l in 
the furnace an d /o r in the la d le . Although deoxidation by silicon is  m ore effective 
than that by m anganese, sim ultaneous deoxidation by these two elem ents gives a  
much low er residual oxygen in solution. This fac t was f i r s t  dem onstrated  by K orber 
and O elsen(l^) in th e ir  study of the silicon and m anganese reactions in liquid iro n -  
s lag  sy stem s. Hilty and C ra fts (1®) examined deoxidation by Si-Mn in alum ina c ru c i­
b les  under an argon atm osphere . They found that the oxygen equilibrium  fo r a  ce rta in  
silicon content decreased  strongly  with increasing  m anganese content, bu t no explana­
tion was given. Bell(-*-®) review ed much of the ea rly  w ork on Si-Mn deoxidation and 
concluded that m anganese in c reases  the deoxidising pow er of s ilicon , but not to the 
extent repo rted  by Hilty and C ra fts . It appears likely that the F e 0 -M n0 -S i0 2  s lag s  
used by H ilty and C rafts picked up AI2 O3  from  the c ru c ib le , and th e ir  m elts  then 
equilibrated  with F e 0 -Mn0 -Si0 2 -A l2 C> 3  s lags (®). Samples of the s lags w ere  not ob­
ta ined , how ever, and no investigation of the inclusions was m ade. It is  not p o ssib le , 
th e re fo re , to d irec tly  confirm  this effect. In a  la te r  investigation , B e l l s t u d i e d  
the effect of m anganese on the silicon-oxygen equilibrium  in liquid iron  a t 1550°C, 
and h is re su lts  a re  shown graphically  in F ig . 2 .3 .
W alsh and R am achandran(lS) used the re su lts  of H ilty and C rafts and 
explained the low er oxygen equilibrium  by the fac t that the deoxidation product was 
a m anganese s ilica te  having a s ilica  activ ity , ag.Q2> le ss  than 1. They calculated 
an expression  fo r agiO£ as a  function of tem p era tu re , hjvjn and hg£ ;-
„ _  12 700 „ , hMn
1 ° S  a S i 0 2  =  6 * 8 5  +  — r —  "  g  h g ^  * *  "  ’ * e q n ‘ * ^
On the b asis  of this da ta , how ever, the activ ity  of s ilica  becom es unity a t 
Mn:Si activ ity  ra tio s  le ss  than 1 .7 , w hilst on the b asis  of B e ll's  d a ta , the Mn:Si 
ra tio  m ust be le ss  than 4 to give s ilic a  of unit activ ity . This d iscrepancy  is  probably 
due to the effect of alum ina in the experim ents of Hilty and C ra f ts , m entioned p re ­
viously.
Kojim a and Sano(*8) also  studied the effect of m anganese on the equilibrium  
between silicon  and oxygen in the p resen ce  of a s ilic a -sa tu ra ted  s lag . They found a 
decreasin g  oxygen content with increasing  m anganese content which they a ttributed  
to the fac t that m anganese in c re ase s  the activ ity  coefficient of s ilicon . They estab ­
lished the in teraction  coefficient, e g j1! as 0.281 in the in terval 1550-1650°C fo r 
m anganese contents up to 1 . 2 %.
Turkdogan(10>20) calculated the equilibrium  reaction  data  fo r Si-M n deoxida­
tion in the following m anner. When s tee l is  deoxidised by m anganese, the reaction  
product is  a liquid o r solid solution of 'FeO ' and MnO which fo rm  e ssen tia lly  ideal 
solu tions. R epresenting  the reaction  by:-
Mn + FeO (s, 1) = Fe(l) + MnO (s , 1) . .  . .  . .  . .  eqn. (2.8)
then fo r  the ideal solid and liquid solutions of 'FeO ' and MnO,
MnO / 0  m
Mn ~ NFeQ . [% Mn] ”  "  .............................  q ( *
w here N is  the mole frac tion . The tem peratu re  dependence of K j ^  fo r  the liquid and
solid oxides is given by
log KMn (liquid oxide) = 6440 eqn. (2 . 1 0 )
6946log Kjyj;n (solid oxide) = —r—  -  2 .95 eqn. (2 . 1 1 )
The com position of the deoxidation product in equilibrium  with a  p a r tic u la r  m anganese 
concentration in liquid iron  calculated from  these equations is plotted in F ig . 2 .4  fo r 
th ree  d ifferen t tem p era tu res . The corresponding deoxidation equilibrium  is  shown in 
F ig . 2 .5 .
F o r  silicon deoxidation, i t  is  generally  agreed that in s ilic a -sa tu ra te d  m elts
ocontaining le ss  than about 3% Si, the deoxidation product [% Si] . [% O] is  essen tia lly  
independent of the silicon content. With increasing  silicon  content, fgj in c re a se s  and
pfo  d ecreases  such tha t [% Si] . [% O] rem ains essen tia lly  constant fo r  silicon  con­
ten ts le ss  than about 3%. The silicon-oxygen equilibrium  fo r various tem p era tu res  
is  shown in F ig . 2 .6 .
F o r  Si-Mn deoxidation, T u r k d o g a n ^ O )  assum ed that the p roducts form ed a re  
essen tia lly  m anganese s ilic a te s  containing little  iron  oxide. The equ ilib rium  condi­
tions for th is dual deoxidation reaction  w ere then obtained from  the sum  of the indi­
vidual deoxidation reactions fo r m anganese and silicon to g ive:-
Si + 2 MnO = 2 Mn + SiO£ . .  . .  . .  . .  eqn. (2.12)
s ilica te  deoxidation product re la tive  to pu re  solid ox ides. The oxygen content of iron  
in equilibrium  with the deoxidation product (essentia lly  pure  m anganese s ilica te ) a t
fo r which
f% Mai2 aS102
ol-Mn C% Si] • (aMno)2 eqn. (2.13)
- T - l u l u  w rt(_! ° g KSi-M n = “ t ”  + 1 .2 7 eqn. (2.14)
w here agjOo anc  ^ aMnO a re  Raoultian ac tiv ities  of oxides in the m olten m anganese
known concentrations of silicon and m anganese is given in F ig . 2 .7  fo r 1600°C.
. The effectiveness of m anganese in boosting the deoxidising pow er of silicon d ecreases  
with increasing  silicon  content.
The amount of Si-Mn deoxidant to be added to achieve a  specified level of 
deoxidation can be read ily  calculated from  the above equilibrium  da ta . Such calcu­
la tio n s , of co u rse , only apply to the idealised  case  of 1 0 0 % efficiency of the deoxidant 
and the estab lishm ent of equilibrium . An example is given in F ig . 2 .8  fo r deoxidation 
a t 1650°C of s tee l containing in itia lly  0.1% oxygen. The top scale on the a b sc is sa  
is  the total amount of silicon  added to achieve the p a rtic u la r re s id u a ls  in equilibrium  
with the deoxidation product form ed. The total m anganese added is  about 0.08% higher 
than the res id u a l concentration shown in F ig . 2 .8 .
It follows from  equation (2.13) that above a  c ritic a l ra tio , [% S i] /[%  M n]2 , 
fo r a  given tem p e ra tu re , solid s ilic a  fo rm s as the deoxidation p roduct. The c r itic a l 
silicon and m anganese contents of iron  in equilibrium  with s ilic a -sa tu ra te d  m anganese 
s ilica te  m elts  a re  given in F ig . 2 .9  fo r sev era l tem p era tu res . If, fo r  any p a rtic u la r  
tem p era tu re , the com position of the m etal lie s  above the cu rve , m anganese does not 
pa rtic ip a te  in the deoxidation reaction  and solid s ilic a  is form ed in stead . In the 
region below the cu rve , the deoxidation product is a  m olten m anganese s i lic a te , the 
composition of which is determ ined by the ra tio  [% S i]/[%  M h]^ in the m e ta l.
2 .2 .4  Aluminium Deoxidation
The deoxidation of s tee l m elts  by alum inium  has  been studied in de tail by many 
w o r k e r s (15, 21-28) and i t  is  well known that values of the equilibrium  constant 
[% A1]2 . [% O ] 3  obtained by different investigators fo r alum inium  and oxygen in 
liquid iron  vary  from  about 10”® to about lO "-^ a t 1600°C. This d iscrepancy  has 
been much d iscussed  and Repetylo e t a l ( 2 9 )  have confirm ed that the varia tion  re su lts  
chiefly from  the p resence  of alum ina suspensions. It was shown tha t if  liquid m etal 
with alum inium  and oxygen contents corresponding to point S in F ig . 2 .10  w as held in
a crucib le  and all oxygen in g ress  was preven ted , the m etal com position gradually  
approached the equilibrium  curve of Gokcen and Chip m a n  (30). A fter 10 m in , m ore 
than 80% of the in itia l oxygen content had been converted to alum ina and, if the te s t 
was continued, res id u al oxygen contents ranging from  0.006 -  0 . 0 0 2 % w ere obtained. 
The low est value obtained fo r the equilibrium  constant [% A l]2 . [% o ] 3 was 5 .1 0 “13  
(com pared to 3 .1 0 “^ in itia lly).
With longer holding tim es of 20 m in o r m o re , it was im possible to reach  the 
oxygen equilibrium  value of 0 . 0 0 1 % corresponding to an equilibrium  constant of 1 0 ” 1 ^. 
This was probably caused by a suspension of very  fine alum ina p a rtic le s  rem ain ing  
in the liquid m etal even a fte r 2 0  m in.
E xperim ents made with the sam e apparatus in an oxygen-bearing a tm osphere  
with successive  alum inium  additions to the liquid m eta l gave total alum inium  and 
oxygen values in  the sc a tte r  range of H ilty and C ra fts ’ cu rv e0-®), F ig . 2 .1 0 . In view 
of the ex trem e rap id ity  of reaction  between alum inium  and oxygen, these  high values 
indicate continuous form ation of alum ina inclusions in the liquid m eta l. A ccording 
to Pomey and T ren tin i(3 l ) ,  th is type of experim ent c lea rly  shows the d ifficu lties 
involved in obtaining low oxide inclusion contents during m elting and casting  in a i r .
2 .3  KINETICS OF DEOXIDATION
Some of the f i r s t  studies on the developm ent of deoxidation rea c tio n s  with 
tim e and the m echanics involved in the form ation and separa tion  of inclusions w ere  
c a rr ie d  out by PliJckinger and W ahlster(32,33). As F ig . 2.11 show s, these  au thors  
distinguished between dissolved oxygen and oxygen combined with inc lusions. The 
developm ent of these two constituents during the course  of the operation shows the 
e ssen tia l c h a ra c te ris tic s  of the m echanism  of p rec ip ita tion  deoxidation, i . e .  rap id  
d ecrease  of dissolved oxygen associated  with the form ation of num erous deoxidation 
p ro d u c ts , together with delayed and slow er d ecrease  of to tal oxygen correspond ing  
to the elim ination of the deoxidation p ro d u c ts .
The validity of this m echanism  has been confirm ed by m ore  recen t studies 
in which the dissolved oxygen was m easured  and recorded  against tim e , e ith e r 
d irec tly  by the use of an e lectrochem ical c e l l ( ^ ) ,  o r ind irec tly  by the rad ioactive 
trac in g  of secondary  i n c l u s i o n s ^ 5).
A m ore explicit understanding of the deoxidation p ro ce ss  has led to a sub­
division of the overa ll operation into a  ce rta in  num ber of component stages(3 6 )._
(i) solution of the deoxidant in the m etal
(ii) nucleation of the deoxidation products
(iii) growth of the nuclei
(iv) elim ination of the inclusions
In p ra c tic e , these stages overlap to a  la rge  extent and th e re  a re  o ther 
phenomena such as reoxidation which com plicate the p ro c e ss . B earing  in mind the 
com plexity of the prob lem s involved, these four stages w ill be exam ined sep ara te ly  
so as  to indicate the effect of each one on the ra te  of deoxidation.
2 .3 .1  Solution of Deoxidant
Although this f i r s t  stage can be easily  followed during  controlled  labo ra to ry  
experim ents in te rm s  of diffusion theo ry , the sam e stage becom es much m ore com ­
plex to follow during deoxidation on an industria l sca le . F o r in stance , when deoxi­
dation and alloying a re  c a rr ie d  out during tapping into the la d le , account m ust be 
taken of the following fa c to rs :-
(i) tapping m ay take a  long tim e ( ~ 1 0  min) and is  accom panied
by fa irly  intensive s t ir r in g  owing to the im pact of the m etal s tre am
(ii) additions of deoxidants a re  usually  la rg e
(iii) deoxidation is  usually  c a rr ie d  out by sev e ra l elem ents being 
added sep ara te ly .
All these conditions involve a  tran sitio n a l period  during which the p r im a ry  deoxidation 
products appear in a  random  m anner and have variab le  com positions.
The kinetic ch a rac te r  of deoxidant solution has been described  by 
A. M. L ev in  (3^) who showed that the addition of a  deoxidising e lem ent, even below 
its  equilibrium  content, causes p rec ip ita tion  of oxides through p ro g ressiv e  solution.
The significance of the solution stage on the subsequent deoxidation stages 
has been indicated by the following observations :-
(i) on a  m acroscopic s c a le , a  certa in  heterogeneity  of alloying 
elem ents is always observed; on a  m icroscopic scale  it  can be 
much g re a te r . This is  confirm ed, fo r exam ple, by accidental 
b r it tle  frac tu re s  owing to abnorm ally high local concentrations of 
an alloying elem ent such as  m anganese. As there  a re  delays in 
hom ogenisation of alloying e lem en ts , then i t  w ill probably  be the 
sam e fo r deoxidising e lem en ts .
(ii) in the case  of deoxidation by alum inium , O lette e t a l(34) showed 
that the method of introducing the addition influences the k inetics 
of deoxidation, F ig . 2 .12 . They explained the slow er d e c rea se  in  
dissolved oxygen with a  solid addition by the delay caused in the 
solution and hom ogenisation of the alum inium  as a  re su lt of a 
lay er of fine alum ina p a rtic le s  on the su rface  of the deoxidant 
inhibiting diffusion of the alum inium  into the m elt. This observ a­
tion is  in agreem ent with the hypothesis form ulated by C h i p m a n ( 3 8 )  
in 1962 regard ing  the form ation of stab ilising  film s a t the in te rface  
between reg ions with a  high concentration of oxygen. A s tab ilis in g  
film  of galaxite , M nO .A ^C ^, has been observed in  a  sam ple taken 
from  an induction furnace sho rtly  a fte r  the addition of an Fe-A l-M n 
alloy(3®). It was found by m icroanalysis tha t the ra tio  of in te rn a l 
m anganese : ex ternal m anganese was as high as 1 . 8  : 1 .
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These few observations indicate tha t the solution and homogenous d istribu tion  
of the deoxidant is  a stage which is  not instantaneous and i s , th e re fo re , liable to 
cause a  delay in the overa ll deoxidation p ro c e ss . The stee lm ak er h as ce rta in  m eans 
of influencing this stage such as by variation  of tapping te m p e ra tu re , com position 
and size  of solid deoxidants, and s tir r in g  in the lad le . However, w hilst th e re  is 
scope fo r seeking the m ost favourable conditions, i t  is  nevertheless believed tha t 
th is stage is  not the m ost decisive one fo r the success of the overa ll deoxidation 
p ro c e ss .
2 .3 .2  Nucleation of Deoxidation Products
At f i r s t  sight, the question of nucleation p ro cesses  in  the form ation  of 
deoxidation products seem s to be only of academ ic in te re s t. Although the form ation 
of oxides in liquid iron  involves the form ation of new p h a se s , and the nucleation 
p ro c e ss  is  therefo re  d ecis ive , i t  has never been observed , fo r exam ple, th a t the 
form ation of alum ina on adding alum inium  to an iron-oxygen m elt fa ils  to occur as 
a  re su lt  of nucleation inhibition. It m ight be concluded from  this that the efficiency 
of deoxidation is  re la ted  much m ore to the rem oval of inclusions once they have 
form ed. This is  not the c a se , how ever, and it  is  now known that nucleation p ro c e sse s  
can ex ert an im portan t influence on the p ra c tica l course  of deoxidation.
Two nucleation m echanism s a re  p o ss ib le , nam ely homogeneous nucleation 
which takes place in  the m ass without the a ss is tan ce  of im p u ritie s , and heterogeneous 
nucleation which takes p lace with the aid of a  su b stra te . In o rd e r  to understand  the 
deoxidation p ro cess  b e tte r , i t  is  n e ce ssa ry  to know which of these  two m echanism s 
is  responsib le  for the form ation of in c lu sio n s , what the connection is  betw een the 
nucleation stage and the la te r  stages of growth and flotation, and fina lly , what 
p rac tica l m eans, if  any, th e re  a re  fo r the s tee lm aker to influence th is  s tag e .
The theo re tical approach to the p roblem  has been made p rin c ipa lly  fo r 
homogeneous nucleation. A ccording to the c la ss ica l nucleation th eo ries  of B eck e r,
V olm er and W eber, the energy requ ired  to form  a spherical em bryo of radius r  is : -
E = 4 7 r r 2 cr + . .  . .  . .  . .  . .  eqn. (2.15)
w here is  the in te rfac ia l energy between the p rec ip ita te  and the m olten m eta l, AG 
is  the chem ical free -en erg y  change accompanying the form ation of the p rec ip ita te  
and v is  the m olar volume of the p rec ip ita te . The free -en erg y  change resu ltin g  when 
a mole of the second phase is form ed is  AG, and fo r the form ation of a  deoxidation 
product MxOy from  the reaction  of a deoxidant M with oxygen in  liquid iron
( 1 M*ho ) a c t 'AG = - R T . l n y ^ — ^ 4  ..............................................  eqn. (2.16)
f 'M ,h o J  eq.
KT= -R T .ln — . .  . .  . .  . .  . .  eqn. (2.17)K
w here K is  the equilibrium  solubility  p roduct, KT is  the corresponding  product fo r  
the actual components in su p ersa tu ra ted  solution and K’/K  is  te rm ed  the su p e r­
sa tu ra tion  ra tio . The w ork n ecessa ry  to form  the second phase is  la rg e s t a t a 
c r itic a l ra d iu s , r c , w here
r c = -  . .  . .  . . . .  . .  . .  eqn. (2.18)
The work n ecessa ry  to form  this nucleus is
_  167rcr3 v 2  ^ /o io \E q — o •• • • •• •• • • •• gqii* (2• 19)c 3 (AG) 3
and rep re sen ts  the free  energy b a r r ie r  to the form ation of the second phase (AGC).
The ra te  of form ation of nuclei (nuclei/cm 3  s) is  given by
I = A .exp(-AGc/kT ) . .  . .  . .  . .  . .  eqn. (2.20)
w here A is  the nucleation fac to r.
It can be seen  from  these equations that the in te rfac ia l energy  a t the m e lt /  
nucleus boundary is  a m ajo r component of the to tal energy req u ired  to fo rm  a  stab le  
nucleus. F o r the homogeneous nucleation of oxides in m olten s te e l, the in te rfac ia l 
energy  a t the oxide/m olten stee l boundary is about 1 .0  J /m 2  (1000 e rg /c m 2) bu t in 
som e cases is  g re a te r . This m eans tha t exceptionally high su p ersa tu ra tio n  ra tio s
a re  n ecessa ry  for nucleation by this m echanism .
The f i r s t  experim ental evidence cam e from  von Bogdandy, M eyer and 
S tranksi(3^) who studied the form ation of oxides in iron-oxygen m elts by equili­
b ra tin g  a  column of the m elt with a  quantity of deoxid iser added to the top su rfa c e . 
Convection cu rren ts  w ere v irtually  elim inated and penetration of the deoxid iser into 
the m elt occurred  only by diffusion. The column was quenched a fte r p re -d e te rm in ed  
diffusion periods and the diffusion zone was examined m etallographically  and 
analy tically . T heir re su lts  on alum inium  deoxidation showed that the oxygen com ­
bined to form  alum ina in the a lum inium -rich  zone and iron  oxide in the alum inium - 
deficient zone. Only a few traces  of h e rcyn ite , F e 0 .A l2 0 3 , w ere observed throughout 
the ex p erim en ts . The oxygen content was found to rem ain  constant along the column 
and so it was concluded that the inclusions rem ained  in th e ir position of fo rm ation . 
Using the alum inium  and oxygen concentrations m easured  a t the boundary betw een 
the unaffected m elt and the zone rich  in alum ina p a r tic le s , the c ritic a l su p ersa tu ra tio n  
ra tio  was determ ined as 3.6 x 1 0 ^  at 1550°C.
W oehlbier and R en g s to rff^ 0) used a s im ila r  technique to that of von Bogdandy 
e t a l with a very  pure  iron-oxygen m elt and an Fe-10% A1 alloy as d eo x id iser. They 
reported  exceptional nucleation difficulties a t 1600°C and oxide nuclei w ere  not 
form ed in the diffusion zone, although the alum inium  concentration was 2.9% and 
inclusions form ed on quenching showed a high concentration of oxygen. The sam e 
experim ent was repeated  using a le ss  pure  iron containing 0.07% oxygen instead  of 
0.16% and this was found to be p a rtia lly  deoxidised by the F e-A l alloy. It was con­
cluded that a very  high degree of supersa tu ra tion  is requ ired  fo r homogeneous 
nucleation of alum ina but a  much lower degree of supersa tu ra tion  is suffic ien t to 
cause the p recip ita tion  of alum ina on sm all heterogeneous nuclei w ithout the appearance 
of h e rcy n ite .
F u r th e r work by W oehlbier and R engstorff in which pure  alum inium  was 
s tir re d  into the upper zone of the pure iron-oxygen m elt resu lted  in the form ation 
of alum ina inclusions by homogeneous nucleation a t the point of addition. These 
inclusions w ere then c a rrie d  down into the undeoxidised portion of the m elt w here 
they reacted  with res id u a l oxygen to form  hercyn ite .
F o r  alum inium , the experim entally  determ ined c ritic a l supersa tu ra tion  
ra tio s  agree  very  well with the values calculated using V olm er’s theory  assum ing 
the m aximum possib le  frequency fac to r. The tem pera tu re  dependence of the su p e r­
satu ration  ra tio  is a lso  in agreem ent with V olm er’s theory.
The final p roof of the applicability  of V olm erTs hypotheses cam e from  the 
fac t that oxide nucleation in iron  is facilita ted  by su rface-ac tive  elem ents such as 
m anganese, which low ers the su rface  tension of m olten iro n . F ro hberg  and 
P o ts c h k e ^  * w ere able to show that these hypotheses could be applied to o ther 
m e ta ls , e .g .  oxide form ation in m olten copper. They found that su rface -ac tiv e  
elem ents such as sulphur facilita ted  the form ation of ox ides.
Few re liab le  m easurem ents have been made of in te rfac ia l en erg ies  between 
deoxidation products and liquid iro n , but Turpin and E l l i o t t c a l c u l a t e d  the 
following in terfac ia l energ ies between oxide and m elt a t 1536°C:-
In terfac ia l E nergy , J /m ^  (erg /cm ^)
F e (l) -  FeO (1) 0.25 (250)
F e fl) -  Si% ) 1.25 (1250)
F e (l)
1 > tssr o CO aT 2 .4  (2400)
F e (l> -  F eO .A l2 0 3(g) 1.7  (1700)
The experim ents w ere c a rrie d  out by equilibrating  iron-oxygen m elts  with various 
residual silicon o r alum inium  contents and then quenching. The c r itic a l su p e rsa ­
tu ration  for homogeneous inclusion nucleation was assum ed to re su lt  from  the high
deg ree  of oxygen segregation  to the liquid during solidification. T heir re su lts  a re  
sum m arised  in F igs. 2 . 1 3  and 2 . 1 4 ,  which show the calculated lines a t 1536°C  fo r 
nucleation of silicon and aluminium deoxidation products for various values of the 
appropriate  in te rfac ia l energy . The lines m arked (eq) a re  for the form ation of the 
deoxidation product when the size  of the p rec ip ita te  p a rtic le  is such that the in te r ­
facial energy m akes an insignificant contribution to the total energy ( i .e .  the bulk 
equilibrium  conditions).
A t low concentrations of the deoxidising elem ent, the nucleation of FeO m ay 
occur m ore read ily  than the form ation of the equilibrium  reaction  product. The 
shaded bands on the d iagram s show the experim ental com position ranges in which 
i t  was found that FeO was nucleated f i r s t  and subsequently changed to the stable 
p roduct. At higher concentrations of deox id iser, the stable product was nucleated 
d irec tly  from  the m elt. This transition  occurs a t lower concentrations fo r alum inium  
than fo r silicon and shows that the h igher value of q- fo r the F e-A l2 0 3  in te rface  is 
m ore than com pensated by the la rg e r  value of AG fo r the p rec ip ita tion  of alum ina.
An a lternative view of this effect was obtained by calculation of the degree of 
undercooling requ ired  to achieve the n ecessa ry  degree of sup ersa tu ra tio n  for 
homogeneous nucleation. F igure 2 . 1 5  shows that if g-fSK^-Fe) = 1 . 3  J /m 2  (1 3 0 0  e r g /  
c m 2 ) ,  the m elt would have to be equilibrated  with SiC> 2  a t  approxim ately 1 9 5 0 °C  if 
homogeneous nucleation is to occur a t 1 5 3 6 ° C .  F o r cr(FeO-Fe) = 0 . 2 5  J /m 2  (250  e r g /  
c m 2 ) ,  the sam e degreeof undercooling would be requ ired  fo r nucleation of FeO in a 
m elt containing approxim ately 0 .5 %  Si. At low er silicon contents, FeO would re q u ire  
le ss  supersa tu ra tion  and, consequently, would nucleate in p re fe ren ce  to Si0 2 -
Sigworth and E l l i o t t ^ )  recen tly  review ed the nucleation of oxides in F e-O -S i 
a lloys. A ccording to these w o rk ers , investigations of the nucleation p ro c e ss  during 
deoxidation have been lim ited by the lack  of accu ra te  in te rfac ia l energy  data  and a lso
by the experim ental techniques availab le. In the la tte r  c a se , i t  is  difficult to provide 
the n ecessa ry  supersa tu ra tion  quickly and in a controlled m anner, and i t  is  even 
m ore difficult to detect exactly when nucleation o c c u rs . They concluded that in the 
e a r lie r  experim ents of Turpin and E llio tt, homogeneous nucleation of oxides in the 
Fe-O -S i system  did not occur. These experim ents w ere la te r  duplicated by T o rsse ll, 
G atellier and 01ette(45) and the absence of any significant degree of supers aturation 
was confirm ed by electrochem ical m easu rem en ts, which showed that the oxygen 
activ ity  in the m elt followed very  closely  the value calculated fo r equilibrium  with 
the m elt silicon content, F ig . 2 .16 . It ap p ears , th e re fo re , that heterogeneous 
nucleation occurred  and the deoxidation reaction  had ready  access  to p a rtic le s  of the 
stable phase throughout the cooling p ro c e ss . H ow ever, the te s t  was not a p a rtic u la rly  
severe  one because the cooling ra te  was re la tive ly  slow. In addition, homogeneous 
nucleation would not have been expected in the experim ent because the tem pera tu re  
in terval fo r cooling was only 75°C and the maximum supersa tu ra tion  ra tio  possible  
(in the absence of heterogeneous nucleation) was only about 4, com pared to the e s t i ­
m ated value requ ired  of 1 0 0  o r m ore .
Sigworth and E llio tt reported  that the experim ental technique used f i r s t  by 
von Bogdandy e t al and la te r  by many o ther w orkers was also  inadequate fo r  obtaining 
an accura te  value of the c ritic a l super sa tu ration  ra tio , its  m ain lim itation  being the 
com plexity of the theoretical analysis . All that could be concluded from  these stud ies 
was that substantia l supersa tu ra tion  is n ece ssa ry  fo r the homogeneous nucleation of 
oxides during deoxidation and tha t homogeneous nucleation can occur when the 
deoxidising e lem ent is f i r s t  introduced into the m elt.
In th e ir own experim ental w ork, Sigworth and E llio tt m easured  the c r itic a l 
supers  aturation  n ecessa ry  fo r homogeneous nucleation of oxides in F e-O -S i alloys by 
m eans of an e lectrochem ical c e ll. T heir re su lts  a re  sum m arised  on the com position
triang le  in F ig . 2.17 and the sam e inform ation is presented  in the m ore fam ilia r form  
of the deoxidation diagram  in F ig . 2 .1 8 . Included a re  the lines fo r the form ation of 
s ilic a  and liquid FeO at equ ilibrium , i . e .  when the in terfac ial energy  is z e ro . A value 
of 0 .25 J /m 2  (250 e rg /c m 2) was used fo r the nucleation of liquid FeO . The in te rfac ia l 
energy fo r the boundary between liquid iron  and iron  s ilica te  was assum ed to be n ea r 
to that of the FeO /liquid iron  in te rface .
They found tha t the homogeneous nucleation of s ilica  occurred  a t supersa tu ra tion  
ra tio s  of about 80 and showed th a t, when fe rro -s ilico n  is added to a  ladle of low -carbon 
s tee l during the tapping of a  b asic  oxygen or open-hearth  fu rnace , homogeneous nuclea­
tion can occur quite easily . The conditions n ecessa ry  can be achieved even in the 
p resence  of p a rtic le s  suitable for heterogeneous nucleation if the super sa tu ration  is  
provided rap id ly . This was illu s tra ted  in the work of Jaeg er e t al(^ 6 ) who found tha t 
homogeneous nucleation of w ater droplets in a ir  could occur even in the p resen ce  of 
num erous d ir t  p a r tic le s .
The problem  of com petition between d ifferent phases which m ay be p rec ip ita ted  
has a lso  been studied by Vorobnev and Levin(47) and by P lockinger e t al(48) fo r the 
Fe-O -A l system . In the la tte r  c a se , these w orkers studied the deoxidation of nom inally 
pu re  iron  m elts containing d ifferent m anganese contents by alum inium  a t 1630°C. It 
was observed that the p rim ary  deoxidation products underwent a  m arked  change in 
composition during the course  of the ir form ation. Im m ediately a f te r  the alum inium  
addition, the inclusions w ere very  low in alum ina and consisted e ssen tia lly  of iron  and 
m anganese oxides. The proportion of the la tte r  depended upon the m anganese content 
of the m elt. The alum ina content of the inclusions then increased  very  rap id ly  during 
the next few seconds until the composition reached that of the spinel (Fe,M n)O .A l2 C>3 . 
D uring this period the inclusions w ere in a  fluid o r p a rtly  fluid s ta te  and p o ssessed  
good coagulation p ro p e rtie s . In addition, m icroanalysis showed tha t each inclusion
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had a uniform  com position. This situation p e rs is te d  fo r only a sh o rt in terval and 
with fu rth e r in crease  in tim e , the la rg e  inclusions developed two regions having 
d ifferen t com positions. The core  of the inclusions contained about 60% AI2 O3 , 40% 
(FeMn)O, and had, th e re fo re , a  sp inel-like  com position in which the FeOrMnO 
ra tio  depended on the m anganese content of the m elt, hi co n tra s t, the ou ter lay ers  
consisted of pu re  alum ina.
A ccording to Plockinger e t a l ,  the solution and d istribu tion  of the alum inium  
in the m elt takes a  definite although sh o rt tim e. Within a  sm all volume elem ent of 
the m elt, the alum inium  content r is e s  rap id ly , but not instan taneously , from  zero  up 
to a point a t which the solubility  product fo r  the form ation of mixed oxides is exceeded. 
This occurs with very  sm all alum inium  contents and the deoxidation products consis t 
e ssen tia lly  of iron  and m anganese oxides with very  sm all p roportions of a lum ina, 
e .g .  85% FeO , 10% MnO and 5% AI2 O3 . With this com position they a re  liquid a t the 
m elt tem peratu re  of 1630°C.
As the alum inium  content of the m elt in c re a s e s , th e re  is  a  corresponding  
in c rease  in the alum ina content of the mixed ox ides. So long as  the inclusions a re  
liquid, conditions a re  favourable fo r the hom ogenisation of th e ir  com positions. Only 
when the alum ina content in c reases  fu r th e r up to a value corresponding  to that of the 
spinel does com plete solidification of the inclusions occu r. A fter th is  s tag e , the 
inner co re  regions of the la rg e  deoxidation p roducts a re  no longer involved in a re a c ­
tion with the now alum in ium -rich  m e lt, and pu re  alum ina deposits on th e ir  su rfaces  
leaving the co res  with a  .constant com position.
The m echanism  put forw ard by P lockinger e t a l postu la tes tha t the liquid 
mixed oxides a re  p rec ip ita ted  hom ogeneously. F rohberg  and Potschke(49), and 
Forster(SO) consider that this suggestion is  contradicted by nucleation theory  and 
that the phase fo r which the system  is able to supply the nucleation energy  w ill be
p rec ip ita ted  f i r s t .  This im plies that solid nuclei of alum ina would have to form  on 
to which iron  and m anganese oxides would then be p recip ita ted  heterogeneously . 
Consequently, F rohberg  e t al have postulated tha t solid alum ina p a rtic le s  a re  form ed 
a t the surface of the alum inium  im m ediately a fte r its addition to the m elt. (It is  
significant that alum inium  deoxidants a lready  have a coating of oxide as a  re su lt  of 
a ir  oxidation.) Convection and s tir r in g  effects re su lt in a rapid  d istribu tion  of these 
alum ina p a rtic le s  throughout the m elt. In regions w here sufficient sup ersa tu ra tio n  
e x is ts , iron and m anganese oxides a re  p rec ip ita ted  heterogeneously on the alum ina, 
which then d isso lves in the m angano-wustite to form  a fully molten oxide. This then 
re a c ts  with fu r th e r alum inium  according to PlBckinger’s m echanism .
F o r s te r (50) has c a rrie d  out s im ila r experim ents using zirconium  instead  of 
alum inium . The inclusions observed sho rtly  a fte r the addition of the deoxidant 
consisted of a  core of z ircon ia  surrounded by m angano-w ustite. This re s u lt  points 
to the p rim ary  form ation of z ircon ia  which' had not dissolved in the liquid (FeMn)O.
Vorobnev and L e v i n h a v e  suggested that during alum inium  deoxidation, 
the form ation of com plex nuclei of the FeO-AlgOg type in the liquid s ta te  is  possib le  
owing to a d ecrease  of the m elt/nucleus in te rfac ia l energy caused by chem ical reac tio n  
between the two p h ases , and that the com positionof such nuclei a re  determ ined  by the 
soluble oxygen content of the m elt p r io r  to deoxidation. T heir re su lts  a re  sum m arised  
in F ig . 2 .19 w here lines 1-5  a re  based on various equations derived by the au th o rs . 
The a re a s  A-E between the lines re p re se n t the a re as  of form ation of nuclei of various 
com positions. A re p re se n ts  the region of unsaturated  m etal w here the form ation  of 
nuclei cannot occur; B is the a re a  of su p ersa tu ra ted  m etal w here the su p ersa tu ra tio n  
is insufficient for the form ation of stable nuclei; C is  the a re a  of su p ersa tu ra ted  m etal 
w here only liquid mixed oxides can form ; D is the a re a  where liquid m ixed oxides and 
pure  alum ina can form ; E is  the a re a  w here only alum ina nuclei can p rec ip ita te  .
According to these w o rk e rs , when alum inium  is  introduced into a  m elt, the p ro cesses  
of solution of the deoxidant and deoxidation occur sim ultaneously throughout the volume 
of the m elt. The concentration of alum inium  a t any point in c rease s  with tim e from  
ze ro . Consequently, the in itia l s ta te  of the system  is  in a re a  A. With increasing  
tim e , the concentration of alum inium  a t a given point reaches a value which is in 
equilibrium  with the dissolved oxygen (line 1 ), a f te r  which the m etal becom es su p e r­
satu rated  (area B). With fu rth e r in c rease  in the aluminium concentration , the degree 
of supersa tu ra tion  of the m etal becom es sufficient for the oxide phase to sep a ra te .
With a  sufficiently high concentration of oxygen in the m elt, fo r exam ple 0.05%, the 
nuclei which form  will be liquid mixed oxides (area  C). If the oxygen concentration 
is  le ss  than 0 . 0 1 % before deoxidation, the oxide phase will sep ara te  in the fo rm  of 
alum ina (area  E).
If deoxidation is c a rrie d  out by the sim ultaneous use of silicon and alum inium , 
then according to the nucleation theory , that phase which provides fo r  the g re a te s t 
ra te  of nucleation, nam ely alum ina, m ust occur f i r s t .  The s ilic a  can then be p re c i­
pitated  heterogeneously on the alum ina p a r t ic le s . This m echanism  has been con­
firm ed in laborato ry  experim ents by F rohberg  and P o ts c h k e ^ ) .
Applying the nucleation theory to norm al deoxidation p ra c tic e , i t  can be 
p red ic ted , on the b asis  of the d iscussion  so fa r ,  that when a deox id iser is added to 
the bath , the supersa tu ra tion  of the m elt, and consequently the nucleation frequency , 
w ill be a  m aximum in the im m ediate vicinity of the deoxidiser as i t  d isso lves in the 
m elt. If the degree of supersa tu ra tion  achieved is high, many sm all nuclei a re  
form ed which cannot grow to a la rg e  size  before equilibrium  is  attained and m ay 
rem ain  suspended in the bath . At low er degrees of sup ersa tu ra tio n  only a few 
nuclei a re  form ed before the level fa lls  below that a t which fu r th e r stab le  nuclei 
can be form ed. The degree of local supersa tu ra tion  achieved can be contro lled  to 
som e extent by the mode of deoxidation, e .g .  by the use of finely divided d eox id isers  
o r ,  m ore p a rticu la rly , by low ering the deoxid iser concentration in the fe rro -a llo y .
S im ila rly , additions of a re la tive ly  weak deoxidiser such as m anganese w ill decrease  
the supersa tu ra tion  and encourage the form ation of la rg e r  inclusions when a strong 
deoxid iser is subsequently added.
Once the super satu ration  has been re liev ed , homogeneous nucleation will 
c e a s e , although i t  m ay continue adjacent to the s lag /m eta l in terface  owing to oxygen 
tra n s fe r  from  slag  to m etal(29). Heterogeneous nucleation will continue a t low er 
degrees of su p ersa tu ra tion , but the growing p rec ip ita tes  steadily  reduce the m etal 
oxygen content tow ards the equilibrium  level. If the growing p a rtic le s  a re  c a rr ie d  
rap id ly  away from  the reg ions w here the deoxidiser is  dissolving into m ore rem ote  
p a rts  of the bath where the concentration of deoxidiser is  low, subsequent growth may 
involve the form ation of a  lay er with a  low er deoxidiser:oxygen ra tio  (e .g . FeO .A ^O g) 
re la tiv e  to the in itia lly  form ed nucleus (e .g . AI2 O3 ). A lternatively , they m ay ac t as 
heterogeneous nuclei fo r the p recip ita tion  of MnO and SiC>2 .
D egrees of supersa tu ra tion  requ ired  fo r heterogeneous nucleation a re  always 
le ss  than those fo r homogeneous nucleation and in industria l p ra c tic e , the fo rm er is 
very  im portan t. In addition to any nuclei form ed by homogeneous nucleation in the 
im m ediate vicinity of the deox id iser, a ll industria l deoxidants, weak o r  s tro n g , 
introduce into the s tee l a  certa in  quantity of oxide p a r tic le s , e ith e r through th e ir  
su rface  oxidation film  o r through inclusions contained in  th e ir m a ss . These oxide 
p a rtic le s  can a lso  act as nuclei for heterogeneous p rec ip ita tion . M ost w eak deoxi­
dants contain variab le quantities of m eta llic  elem ents with a  very  s tro n g  affinity  fo r 
oxygen, e .g . calc ium , alum inium  and titan ium (51). The oxides of such e lem en ts , 
form ed by homogeneous nucleation, can constitute nuclei during deoxidation by 
w eaker deoxidants (®:2 ), which m ay also  account fo r  the complex natu re  of som e 
p rim ary  inclusions during deoxidation.
The p rac tica l significance of heterogeneous nucleation has been s tre s s e d  by 
F o rs te r  and R i c h t e r  (53,54) wj1Q a ttribu te  the m ajo r ro le  fo r the su ccess  of
deoxidation to the 'nucleation* stage . In the case  of deoxidation by alum inium , they 
explained that the nuclei and p rim ary  inclusions sep ara te  from  stee l in a  s ta te  of 
supers  aturation  which is  too weak to produce fu rth e r effective nucleation, i . e .  in the 
a re a  below the nucleation curve and above the equilibrium  curve in F ig . 2 .2 0 . P a r t  
of th e ir work involved the e lectrochem ical determ ination of oxygen activ ity  during the 
teem ing of an alum inium -killed m elt a t  a  point about 60 cm above the bottom  of a 
120 tonne lad le , F ig . 2 .2 1 . The dissolved oxygen varied  considerably  between 0.003% 
and 0.011%. They a ttribu ted  th is  to a re a s  d ifferently  su p ersa tu ra ted  with alum ina 
and to varying alum inium  contents. It can be seen  that in the alum inium -killed  m elt, 
the degree of freedom  from  oxide inclusions varied  considerably  from  ingot to ingot.
In c o n tra s t, the oxygen content of a  s ilicon-k illed  s tee l was uniform  during  casting . 
These authors proposed  two p rac tica l m easu res  to inc rease  the efficiency of the 
deoxidation p ro cess  :-
(i) the introduction of foreign nuc le i, e ith e r sim ultaneously with 
o r subsequently to the addition of the deoxidant,
(ii) the reduction of the m elt/oxide in te rfac ia l tension by the use 
of a  deoxidant with a re la tive ly  high m anganese content.
As d iscussed  prev iously , there  is  a second m om ent when conditions a re  
favourable fo r homogeneous nucleation of in c lu sions, th is being during  so lid ification  
as a  re su lt  of a  high local concentration of oxygen and deoxidant produced in  the 
res id u a l liquid p h ase . It is  generally  assum ed that the oxides which fo rm  during  
solidification a re  not harm ful to the p ro p e rtie s  of the s tee l because of th e ir  fine 
d istribu tion . H owever, finely d istribu ted  ox ides can affect th e  transfo rm ation  
behaviour of a  s te e l^ 4 )#
Another im portan t aspec t of the solidification stage is  tha t sev e ra l d iffe ren t 
non-m etallic  phases a re  fo rm ed , in p a rtic u la r  oxides and su lphides. The la t te r  can
cause anisotropy of the m echanical p ro p e r tie s  of the steel(55). The im portan t 
question then a r is e s  as to which phase h as the g re a te r  nucleation ra te  and th e re fo re  
is  the f i r s t  to fo rm , thus determ ining the d istribu tion  of the o ther phases which a re  
p rec ip ita ted  heterogeneously on the p rim ary  p a r t ic le s .
A decisive fac to r in the form ation of oxides and sulphides during  solid ification 
is  that oxygen and sulphur a re  alm ost insoluble in solid  iron  and so accum ulate ahead 
of the solidification fro n t, F ig . 2 .22 . The concentration of oxygen in advance of the 
fro n t m ust in crease  until an oxide nucleus can fo rm . This m ay happen in the ex trem e 
case  as early  as the achievem ent of the equilibrium  concentration but m ore probably  
i t  occurs much la te r  because nucleation is  inhibited. If this is  the c a se , then as a 
re s u lt  of the enrichm ent of oxygen, the sup ersa tu ra tio n  ra tio  in c rease s  to the c r itic a l 
value a t which nucleation o ccu rs . The reaction  then proceeds rap id ly  and the concen­
tra tio n  of oxygen ahead of the solidification fron t fa lls  to a  low er value(56)s F ig . 2 .2 3 . 
When the oxide p a rtic le  is  overtaken by the solidification fro n t, the build-up of oxygen 
and deoxidant begins again. This concept is  g rea tly  sim plified , how ever, in tha t i t  
assum es a p lan ar solidification fron t.
These hypotheses w ere exam ined experim entally  by m easu ring  the content of 
oxygen in solution electrochem ically(56). The p a rtic le  d istribu tion  depended to a  
la rg e  extent on the solidification ra te  and a lso  on the d issolved oxygen content. The 
experim ents a lso  showed that the oxygen content is  m ore im portan t than the su lphur 
content in determ ining sulphide d istribu tion . S im ilar observations have often been 
rep o rted , fo r example the effect of alum inium  deoxidation on sulphide d is trib u tio n (57).
F o rs te r  and R ic h te r ( 53) have considered the question as to w hether la rg e  
c lu s te rs  of alum ina inclusions which re su lt  in defects in the ro lled  product m ight not 
a lso  orig inate from  dissolved oxygen during solidification in the m ould. The quantity 
of dissolved oxygen (0.002 -  0.007%) in norm al alum inium -killed  s te e ls  could eas ily
be enough to form  la rg e  inclusions. On this b a s is , they re fe rre d  to work by 
Knuppel, Brotzm ann and F o r s te r (58) who estab lished  from  investigation of an 
alum inium -killed s tee l that the c lu ste rs  of alum ina inclusions p re se n t in the p roduct 
w e re , in m ost c a se s , not p re sen t in the ladle and m ust, th e re fo re , have form ed 
between ladle and ingot, o r in the ingot. Knuppel e t al suggested tha t the m ost 
likely  cause appeared to be agglom eration of very  sm all inclusions in the flow con­
ditions of the uphill-teem ing system . However, F o rs te r  e t al consider tha t it  is  a lso  
p o ssib le , in p rin c ip le , that these alum ina c lu s te rs  form ed from  dissolved oxygen 
during solidification of the ingot, p resum ably  by the agglom eration of sm all alum ina 
p a rtic le s  form ed in the oxygen-rich liquid ahead of the solidification fro n t. This 
m echanism  would appear to req u ire  that the alum ina p a rtic le s  a re  not overtaken by 
the solidification front but a re  entrained in the convection cu rren ts  within the bulk 
m elt where they form  c lu s te rs  with o ther en trained  p a r t ic le s . Although th is m echa­
n ism  is theo re tically  p o ssib le , i t  seem s unlikely that i t  can account fo r  the form ation  
of the la rg e  alum ina c lu s te rs  which lead to defects in the ro lled  p roduct. The m ain 
reason  for this is tha t, as previously  m entioned, the solidification fron t is  not p lan ar 
but dendritic  and many of the sm all alum ina p a rtic le s  which form  during  solid ification 
a re  likely to be p rec ip ita ted  between d en d rite s , which then thicken and envelop the 
inc lu sions, so that th e re  is  very  little  opportunity fo r the inclusions to be sw ept into 
the bulk liquid by the convection c u r re n ts .
F o rs te r  e t a l have a lso  d iscussed  a fu r th e r problem  of p ra c tic a l in te re s t ,  that 
of the form ation of blowholes in fully alum inium -killed s te e ls . The form ation  of 
alum ina nuclei a t the solidification front req u ire s  a  high degree of su p ersa tu ra tio n  
w hereas the nucleation of carbon monoxide bubbles is  evidently cata lysed  a t the so li­
dification fron t com pared with nucleation in the m elt. It is  c le a r  from  F ig . 2 .24  that 
owing to oxygen enrichm ent ahead of the solidification front and the inhibition of 
nucleation of alum ina, the form ation of carbon monoxide a t p re fe rre d  locations can 
be m ore probable than the nucleation of ox ides.
2 .3 .3  Growth of Nuclei
In p ra c tic e , the growth of nuclei overlaps to a  very  la rg e  ex tent with the 
flotation stage and it  is  difficult to d iscuss e ither of them  individually. T here  a re  
four m ajor growth p ro cesses
(i) Brownian motion
(ii) Ostwald ripening (diffusion coalescence)
(iii) Diffusion
(iv) Collision
On the b asis  of both experim ental and theore tical r e s u l ts , L indborg and 
T o r s s e l l ^ )  proposed the m echanism  sum m arised  in F ig . 2.25 fo r the growth and 
elim ination of s ilica  p a rtic le s  during deoxidation. The transition  from  a nucleus (of
odiam eter sev era l A) to an inclusion (of d iam eter sev era l y m) is explained by the 
diffusion of solutes in liquid s tee l. This m echanism  reaches com pletion v e ry  rap id ly , 
how ever, through the reduction of dissolved oxygen in the m elt. F rom  this m om ent, 
growth can continue by m eans of collisions owing to m ovements in the bath . These 
w orkers consider that in the in itia l s tag e , Brownian motion can a lso  have som e effect 
bu t i t  is  only secondary and is  reduced very  quickly by the in crease  in the s ize  of the 
p a r tic le s . The growth of large p a rtic le s  a t the expense of sm all ones by the Ostwald 
ripening effect is  a lso  too slow to be of any im portance .
Turkdogan(GO) has c a rrie d  out a  theore tical analysis of the k inetics  of nuclea­
tion , grow th, and flotation of oxide inclusions in liquid s tee l and shown that the num ber 
of nuclei has a  pronounced effect on the growth of oxide inc lusions, oh the ex ten t of 
the deoxidation reaction  and on the ra te  of flotation of oxide inclusions out of the 
m elt. His analysis was based on a model which assum ed th a t, s ta r tin g  with an hom o­
geneous solution of oxygen and the deoxidant in liquid s te e l, oxide inclusions w ere 
p rec ip ita ted  on nuclei p re sen t in the m elt. The nuclei w ere considered  to be form ed 
in itia lly  by homogeneous nucleation of the deoxidation product in so lu te -ric h  regions 
of the m elt. A ssum ing that a phase boundary equilibrium  was read ily  estab lished  a t
the m etal/ox ide in te rface , a ra te  equation was derived for the growth of inclusions 
by a d iffusion-controlled p ro c e ss . With the additional assum ptions that the diffusion 
sphere  around the inclusion was not affected by the upward m ovem ent of the inclusion, 
and that Stokes’ law was applicable, the instantaneous inclusion size  fo r any tim e , t ,  
during its  ascen t in the liqu id , and the d is tan ce , 1 , travelled  by a growing inclusion 
w ere calculated. The re su lts  obtained a re  sum m arised  in F ig s . 2.26 and 2 .2 7 , which 
show that in the p resence  of a  la rg e  num ber of nuclei, the diffusion-controlled  reac tio n , 
in accordance with the proposed m odel, is  com pleted in a  re la tive ly  sh o rt tim e . F o r 
exam ple, when Z > lo V c m ^ , growth of inclusions is  essen tia lly  com pleted in le ss  
than about 30 s . In these c a se s , the p a rtic le s  a tta in  a  constant velocity  of r is e  within 
a  sh o rt tim e, and this velocity may be calculated from  the final p a rtic le  s iz e .
However, this sim plification does not apply fo r Z <  lo V c m ^  w here p a r tic le s  grow 
throughout the whole of th e ir  ascen t in the m e lt, causing an acce lera tion  of th e ir  
upward m ovem ent.
A ccording to Turkdogan, as the inclusions grow and r is e  in the m e lt with 
increasing  reaction  tim e , the liquid s tee l is  p ro g ressiv e ly  depleted of inclusions from  
bottom  to top. Owing to an insufficient degree of super sa tu ra tio n , new nuclei cannot 
form  and therefo re  the deoxidation reaction  ceases in the inclusion-depleted  p a r t  of 
the s tee l before reaching  the final equilibrium  s ta te . The dependence of the average 
to tal oxygen content of the s tee l on the num ber of nuclei and the holding tim e is  shown 
in F ig . 2 .28 . The plateaux in the d iagram  indicate that when all the inclusions have 
floated out of the m elt, no fu rth e r deoxidation takes p lace .
The expected n e t re su lt of these effects is  shown in F ig . 2 .29  w here the 
average total oxygen content of the s tee l is  plotted against the num ber of nuc lei assum ed 
to be p re sen t a t the tim e of addition of d eo x id ise rs . The c r itic a l value of Z , Zm , 
corresponding to the m inim um  point on the curve for a  given reaction  tim e has a  
p a rtic u la r  significance. If the num ber of nuc le i, Z , is le ss  than the c r i t ic a l  va lue ,
Zm , the re la tiv e ly  la rg e  inclusions float out of the m elt quickly, leaving behind
un reacted high re s id u a l oxygen in solution. T h ere fo re , the portion  of the curve to the 
le ft of the minimum point gives the average oxygen in liquid s tee l which is essen tia lly  
free  of inclusions. Within this reg ion , an in crease  in reaction  tim e beyond about 
5 min has little  effect on the final oxygen content of the s te e l, because the deoxidation 
reaction  cannot proceed  in the absence of nuclei. If the num ber of nuc le i, Z , is  
g re a te r  than Zm , the inclusions a tta in  th e ir full growth in a re la tiv e ly  sh o rt tim e, 
i . e .  the residual oxygen in solution approaches the equilibrium  value in a sh o rt tim e. 
Under these conditions the inclusions a re  sm all in size  and hence th e ir  separa tion  
from  the m elt takes a long t im e , as indicated by the curve fo r infinite tim e in 
F ig . 2 .29 . T h erefo re , the curve to the rig h t of the minim um  point gives the average 
oxygen p re sen t as oxide inclusions in the s tee l which is  deoxidised a lm ost to the 
equilibrium  value. As seen from  F ig . 2 .2 9 , with increasing  num ber Z, the holding 
tim e should be increased  in o rd e r to obtain the low est oxygen in the s te e l.
The p rac tica l significance of Turkdogan’s theore tical observations as sum m a­
rised  in F ig . 2 .29  is  as follows. F o r the case  of Z > Zm , the s tee l is  effectively 
deoxidised ( i.e . the oxygen in solution is  low), bu t, even a f te r  prolonged holding tim e , 
the inclusion content of the s tee l is high and may lead to poor quality in the finished 
product. On the o ther hand, fo r Z <  Zm , the stee l may be e ssen tia lly  free  of inclu­
sions a t the tim e of casting , but contains a, high percen tage of oxgen in solution leading 
to the form ation of blow holes, o r  to the p rec ip ita tion  of fu rth e r inclusions during 
cooling and solid ification.
A diffusion-controlled growth model such as the one suggested by Turkdogan 
assum es an homogeneous p rec ip ita tion  of inclusions a ll having approxim ately  the sam e 
d iam e te r, and growing by the com bination of elem ents which have diffused to the inclu­
sion su rface . H owever, the very  la rg e  deoxidation inclusions som etim es found in 
p rac tice  which float out a lm ost instantaneously on addition of the deoxidant, cannot 
achieve such a size  by a diffusion p ro cess  alone and therefo re  m ust be a  re s u lt  of 
inclusion collision and coalescence.
Growth by diffusion always occurs to som e extent but re cen t experim ents and 
calculations indicate that collisions a re  m ore im portant than previously  re a lise d . In 
labora to ry  experim ents using about 5 cm deep m e lts , G revillius(6^) found that the 
ra te  of deoxidation by silicon o r silicon-m anganese was much fa s te r  in s t ir re d  m elts 
re la tiv e  to those in u n s tirred  m e lts , F ig . 2 .3 0 . S im ilar observations have a lso  been 
made by num erous o ther in v estig a to rs .
Several w o r k e r s ^ , 59,62-64) have m easured  the size  d istribu tion  of inclusions 
in s tee l sam ples taken a t in tervals during deoxidation and found that in the in itia l 
s tages of deoxidation, Z =- lo V c m 3  fo r inclusions of 1-2 jum d iam eter and Z =- lO ^/cm 3  
fo r inclusions of 6 - 8  p m  d iam eter, F ig s . 2.31 and 2 .32 . It should be rem em bered  
in such instances that the inclusion d istribu tion  found in sam ples taken a f te r  prolonged 
deoxidation tim es is that a ris in g  from  the form ation of oxides during  so lid ification .
F o r  exam ple, the low er curve in F ig . 2.31 gives the inclusion d istribu tion  a ris in g  
from  the res id u a l equilibrium  oxygen that was in solution in liquid s tee l (free of inclu­
sions) a fte r  a  reaction  tim e of 200 s . Turkdogan considers that it  is  reasonable  to 
take Z =* lo V c m 3  o r  h igher fo r the num ber of nuclei form ing a t the tim e of addition 
of deox id isers . F o r a homogeneous d istribu tion  of such a  la rge  num ber of nu c le i, the 
diffusion-controlled deoxidation reaction  approaches equilibrium  rap id ly . F rom  
Turkdogan’s theore tical m odel, it  is  p red icted  that with Z = 106/cm 3 , 0.05% oxygen 
re a c ts  a lm ost com pletely in about 5 s , and oxide rem oval by flotation becom es the 
p rim ary  ra te -co n tro llin g  p ro c e ss . The tim e fo r flotation of oxide inclusions 
(equivalent to 0.05% oxygen in the m etal) is  shown in F ig . 2.33 as a  function of Z and 
p a rtic le  s ize  for 5, 50 and 200 cm  deep m e lts . If th is  m echanism  applied , i t  would 
take about 40 min fo r 4 d iam eter inclusions (corresponding to Z = lo V c m 3  and 
0.05% oxygen) to float out of a  5 cm  deep m elt. This flotation tim e is  much longer 
than that observed experim entally . F u rth e rm o re , the size  m easurem ents  indicate 
that the m ajority  of the oxide inclusions a re  in the 30-40 fj,m ran g e , and which escape 
from  the m elt in a  much sh o rte r  tim e. It h a s , th e re fo re , been in fe rred  by sev e ra l
investigato rs  that the oxide inclusions grow by collision with each o ther resu lting  in 
a  fa s te r  ra te  of flotation.
Lindborg and T o r s s e l l ^ )  have calculated the s ize  d istribu tion  function brought 
about by collisions of d ifferen t sized p a r t ic le s , and although they showed good ag ree ­
m ent between the m easured  and calculated inclusion size  d istribu tion , F ig . 2 .3 1 , 
there  a re  inconsistencies in the proposed growth m echanism  by collision when com ­
pared  with experim ental ob serv a tio n s . In th e ir experim ents with m olten s tee l 
(~ 4 .5 cm  deep) s t ir re d  by induction heating , the m acroscopic flow velocity  was 
estim ated  to be about 1 c m /s .  They showed that growth caused by collision in these 
s t ir re d  m elts (gradient collisions) was le ss  than tha t caused by the collision of 
d ifferen t sized p a rtic le s  w hilst r is in g  in the m elt with varying velocities (Stokes 
co llisions), F ig . 2 .25 . If th is is  the c ase , then the observed effect of s t ir r in g  on 
the ra te  of deoxidation in F ig . 2 .30  cannot be explained in te rm s of growth by 
co llision . A ccording to Turkdogan (10), the m ajor w eakness of th is growth m echanism  
is  that the tra jec to ry  of the moving p a rtic le  is  assum ed to be unaffected by an approa­
ching p a rtic le  and that every  collision re su lts  in coalescence. On the b asis  of 
theore tical calcu la tions, Turkdogan has concluded that the chances of collision b e t­
ween inclusions as they r is e  in the m elt (Reynolds num ber Re <1) a re  negligibly sm a ll.
Turkdogan has suggested that the com plexity of the ra te  pheom ena in deoxida­
tion is the re su lt of side effects caused by the in terp lay  of sev era l v a riab les  which 
cannot read ily  be accounted fo r in m athem atical m odels of the deoxidation p ro c e s s . 
H ow ever, he has sum m arised  the following observations based  on th eo re tica l and 
experim ental an a ly ses:-
(i) The num ber of nuclei form ed a t the tim e of addition of deox id isers  
is  of the o rd e r  of Z = 103 /c m 3  o r h igher.
(ii) The diffusion-controlled  deoxidation reac tio n  is  e ssen tia lly  
com plete w ithin a few seconds when Z > lO ^/cm 3 .
(iii) The deoxidation reaction  m ay cease p rem atu re ly  in p a r ts  of 
the m elt depleted of nuclei o r oxide inclusions.
(iv) The inclusion s ize  during deoxidation is in the range 1 to 40 /im .
(v) In labora tory  experim ents with inductively s t ir re d  m elts  5 cm
deep), m ost of the oxide inclusions float out of the m elt in 5 to 
1 0  m in; sh o rte r  flotation tim es a re  even repo rted  fo r u n s tirred  
m e lts .
(vi) B ecause of the d isto rtion  of the tra je c to rie s  of approaching
p a r tic le s , the growth by collision and coalescence of ascending 
inclusions in u n s tirred  o r m oderately  s t ir re d  m elts is  not 
significant.
These observations a re  m utually inconsisten t. F o r exam ple, in the absence 
o f growth by collision in essen tia lly  stagnant m e lts , there  cannot be la rg e  inclusions 
of 10-40 /zm d iam eter when the total num ber of nuclei is  of the o rd e r  of 1 0 3 /c m 3 .
One possib le  explanation which Turkdogan has put forw ard is that the nuclei form ed 
a t the tim e of dissolution of deoxid isers a re  unevenly d istribu ted  in the m olten s tee l. 
That i s , there  is  a  spacial frequency d istribu tion  of nuclei in the m elt im m ediately  
a f te r  the addition of d eo x id ise rs . The in itia l frequency d istribu tion  of d isp ersed  
nuclei is  likely to change from  one experim ental situation to ano ther. In p a r ts  of 
the m elt w here the num ber of nuclei is  sm all, e .g .  lo V c m 3  to 1 0 3 /c m 3 , the inclu ­
sions 20-40 jum in d iam eter rap id ly  float out of the m elt p r io r  to the com pletion of 
the deoxidation reac tio n , hi regions of the m elt containing about 1 0 3  n u c le i/c m 3 , the 
inclusions grow only to a  m icron size  and ascend in the m elt v e ry  slow ly. Convection 
cu rren ts  o r  o ther m eans of s t ir r in g  eventually b ring  about a m ore uniform  d istribu tion  
of these sm all inclusions. The p a rtic le s  brought to the p a rts  of the m e lt w here the 
deoxidation reaction  was incom plete b rin g  about fu rth e r deoxidation, grow th and 
flotation. The curve in F ig . 2.28 fo r non-uniform  distribution  of Z , though drawn
a rb itra r i ly , illu s tra te s  the net effect of an uneven d istribution  of nuclei.
Another in te resting  aspect of inclusion growth is the form ation of alum ina 
c lu s te rs . Castings of alum inium -killed s tee ls  and sam ples taken from  labora to ry  
m elts  deoxidised by alum inium  som etim es contain re la tive ly  la rge  c lu ste rs  of 
alum ina c ry s ta ls . Such c lu s te rs  have been observed by many investigato rs and a 
detailed discussion  of th e ir  form ation and flotation is  included in the following section 
on inclusion elim ination.
2 .3 .4  Elim ination of Inclusions
The escape of the deoxidation products from  the liquid m eta l is  the fac to r 
which determ ines how successfu l is  the rem oval of oxygen from  the m etal by the 
deoxidation p rocedu re . Thus, w hilst it is  possib le  to k ill the s tee l and d ecrease  the 
dissolved oxygen to a very  low lev e l, unless the oxides which a re  form ed a re  able to 
escap e , the s tee l will have a high to tal oxygen content and be inherently  d irty .
B efore 1957, it  was generally  accepted tha t the ra te  of flotation of inclusions 
was governed by Stokes’ law.—
R = 2 g f 2  (dl ~ da)   . .  . .  eqn. (2.21)9v
w here R = r is in g  velocity
g = gravitational acceleration  
r  = rad ius of inclusion 
d j = density  of liquid m etal 
d£ = density  of inclusion 
v -  v iscosity  of liquid m etal
It can be seen tha t the m ost im portan t variab le  is  r ,  the rad iu s of the inclusion , 
since the ra te  of r is e  in c reases  as r^  when the o ther fac to rs  rem ain  constan t.
Effective deoxidation has therefo re  been based  on the form ation of liquid inclusions
which can grow by coalescence and thus escape from  the s tee l m ore rap id ly .
The im portance of p a rtic le  rad ius was shown by H erty and F itte re r(6 5 ), when
they found tha t silicon-m anganese deoxidation gave the c leanest s tee l if  the Mn:Si 
ra tio  was between 4 and 7 , corresponding to the ra tio  range which re su lted  in the 
la rg e s t size  of inc lusions. The com position of the inclusions resu ltin g  from  this 
deoxidation p rac tice  was found to be in the very  low liquidus tem p era tu re  range of 
com positions a t approxim ately 35-45% SiO£, 45-55% MnO, 10% FeO , leading to the 
conclusion that low m elting point products w ere  advantageous because th e ir  fluidity 
enabled them  to coalesce , thus increasing  th e ir  size  and im proving th e ir ra te  of 
flo tation.
In 1957, how ever, P lockinger, R osegger and W a h l s t e r ^ >67) showed th a t, 
con tra ry  to the ideas of the t im e , p rim ary  inclusions r ic h  in alum ina could be e lim i­
nated sev e ra l tim es m ore quickly than s i l ic a te s , and that the size  of inclusions was 
of lim ited  im portance. These f i r s t  re su lts  m ark  the beginning of what G rethen and 
Phillippe(33) have called the ’C ontroversy  on Stokes’ law ’.
F igure  2 .34  is taken from  a la te r  investigation by P lockinger and W ahlster(32). 
S tarting  with a  uniform  in itia l oxygen content and using a constant addition of various 
deoxidants, the varia tion  in the total oxygen content a t various stages betw een tapping 
and solidification of the ingot is  c lea rly  shown. The differences in behaviour of these 
deoxidants cannot be explained solely in te rm s  of the d ifferent equ ilib ria  with oxygen 
in the liquid m eta l, in fe rring  that the physical p ro p e rtie s  of the inclusions m ust 
influence th e ir  escape .
Thus, the two m ain questions to be answ ered a r e —
(i) is the elim ination of inclusions governed by a  hydrodynam ic 
law such as Stokes’ law ?
(ii) how otherw ise can the d ifferences in  the ra te  of elim ination 
of inclusions having d ifferen t chem ical com positions be 
explained ?
Num erous investigations, both theo re tical and experim ental, have been 
c a rr ie d  out in an attem pt to answ er these questions. The effects of tu rb u len ce ,
deoxidant composition and furnace lining on inclusion rem oval have been studied. In 
view of the im portance of th is stage re la tiv e  to the success of the overa ll deoxidation 
p ro c e s s , and because of the c u rre n t differences of opinion regard ing  the applicability  
of Stokes’ law and the influence of m elt/ox ide in te rfac ia l energy , a  detailed review  of 
p a s t w ork is  p resen ted  in an attem pt to c larify  the situation.
A g rea t num ber of authors have stated that in deoxidation by silicon-m anganese, 
fluid deoxidation products a re  form ed, which by th e ir  ability  to coalesce , a re  rap id ly  
rem oved according to Stokes’ law . In gen era l, the experim ental w ork has been con­
cen trated  on try ing  to estab lish  a suitable Mn:Si ra tio  in the m elt. A ccording to 
K orber and O e l s e n ^ ) ,  the conditions n e cessa ry  fo r  the form ation of fluid inclusions 
a t 1520°C a re  shown in F ig . 2 .35 . Kulikov and S a m a rin ^ 3) have sta ted  that the 
Mn:Si ra tio  of the silicon-m anganese alloy should be 3-8 fo r liquid m anganese s ilic a te s  
to form  a t 1600°C. As mentioned previously , H erty  and F it te re r (33) found in la b o ra ­
to ry  experim ents that the Mn:Si ra tio  of the deoxidant ought to be 4-7 in o rd e r  to obtain 
la rg e  fluid s i l ic a te s .
D eterm inations on a labo ra to ry  sca le  of the ra te  of rem oval of inclusions 
resu lting  from  silicon-m anganese deoxidation a re  ra th e r  s c a rc e , although in re c en t 
y ea rs  som e re levan t a r tic le s  have been published in Japan and Sweden. Kawawa e t al@ 3) 
studied the separation  p ro ce ss  a fte r  additions of 0.3% Si, 0.3% Si + 0.5% Mn, and 
0.3% Si + 1.0% Mn a t 1600°C. In each ca se , separa tion  occurred  fa s te r  during the 
f i r s t  30 s than la te r  and the separation  ra te  in the s tee l containing the h ighest m anga­
nese  addition was considerably g re a te r  than fo r the o ther two. This was a ttribu ted  to 
the fact that the inclusions resu ltin g  from  the h ighest addition had a th icker ’r im ’ of 
m ore fluid m anganese s ilica te  than those from  the 0.5% Mn addition, thus fac ilita ting  
coalescence and thereby increasing  the ra te  of r is e  according to Stokes’ law .
T a jir i e t al(70) have also  studied the inclusions form ed during silicon-m anganese
deoxidation on a labo ra to ry  sca le  and found that fo r m elt Mn:Si ra tio s  le ss  than 1, 
the inclusions consisted  of pure  s ilic a , w hereas fo r Mn:Si ra tio s  g re a te r  than 2, 
m anganese s ilica tes  containing about 40% MnO w ere form ed. F o r Mn:Si ra tio s  of 
1 - 2 , there  was a continuous transition  of inclusion com position and the inclusion 
volum e, determ ined 5 m in a fte r the addition, increased  with increasing  silicon content 
fo r a  constant m anganese content. This was attribu ted  to the low er ab ility  of s i l ic a -  
r ic h  inclusions to coalesce and thereby  be rap id ly  rem oved. F o r Mn:Si ra tio s  of le ss  
than 2 , instances of two o r  m ore inclusions in the p ro cess  of coalescence w ere 
observed . The contact zones w ere found to be very  r ic h  in s ilic a , w hilst the cen tres  
of the inclusions w ere r ic h e r  in m anganese oxide. Scanning e lec tron  m icrographsC?l) 
of such p a rtia lly  coalescing silica te  inclusions a re  shown in F ig . 2 .3 6 . M anganese 
s ilic a te s  surrounded by a  s ilic a -r ic h  ’rim* have a lso  been observed by K iessling  e t  a l ^ 2) 
and by HultgrenC73). These inclusions showed a finely d ispersed  p rec ip ita tion  of s ilic a  
in  the m atrix .
R ecently , G reviU ius^*) has exam ined the ra te  of rem oval of deoxidation 
products resu ltin g  from  m anganese-silicon  deoxidation of labo ra to ry  m e lts . The 
added silicon content was 0.45% accom panied by m anganese additions betw een 0 and 14%, 
and the addition was m ade by blowing the deoxidant d irec tly  into the bath . Both 
sim ultaneous and sep a ra te  additions in both successions w ere p e rfo rm ed .
With sim ultaneous additions i t  was found that the separation  ra te  in c reased  
with increasing  Mn.*Si ra tio  of the deoxidant. This effect was weak in the in te rv a l 
0 <  Mn : Si ra tio  < 1 .4  but becam e very  s trong  in the in terval 1 .4  <  Mn : Si <  1 .9 . 
M icroanalysis showed tha t the strong in crease  in separation  ra te  coincided w ith the 
break-up  of the s ilic a  shells  surrounding the inclusions a t Mn:Si ra tio s  of le s s  than 
1 .4 , and the high v iscosity  of the s ilic a  shell was assum ed to be the fa c to r  delaying 
coalescence. At Mn.*Si ra tio s  g re a te r  than 1 .9 , the separation  ra te  continued to 
in c rease  rapidly  with increasing  m anganese content of the deoxidant. This was
attribu ted  to a  d ecrease  in the m elt v iscosity  caused by m anganese. It was concluded 
that the ra te  of rem oval of the inclusions was dependent both on S tokes’ law and on the 
s t ir r in g  effect within the bath . When the inclusions w ere la rge  the f ir s t  effect was 
dom inant, while the s t ir r in g  effect alone determ ined the separation  ra te  when the 
inclusions w ere sm all. The surface conditions w ere alm ost the sam e fo r a ll Mn:Si 
ra tio s  and w ere assum ed not to have contributed to the different separa tion  r a te s .
When silicon and m anganese w ere added sep ara te ly  with a tim e in te rva l 
betw een them , the sam e separa tion  ra te  was reach ed , independently of the sequence 
of addition, as with silicon-m anganese alloy additions having the sam e Mn:Si ra tio .
Lindon and B illin g to n (^ ) have examined the form ation and separa tion  of oxide 
inclusions in a quiescent bath using m anganese-silicon-alum inium  alloys of d ifferen t 
com positions. They m elted a  p rep ared  iron-oxygen alloy containing 0.045 to 0.055% 
oxygen in an alum ina crucib le  and deoxidised a t 1550°C by plunging a thin s tee l c a r ­
tridge containing the alloy below the m elt su rface . An in e rt atm osphere was m ain­
tained by passing  a continuous s tream  of argon over the m elt. The silicon  addition 
was kept constant a t about 0.29% and accom panied by m anganese between 0.25 and 
0.95% and alum inium  between 0.002 and 0.036%. They found tha t the separa tion  ra te  
increased  with increasing  Mn:Si and Al:Si ra tio  of the deox id iser. In the experim ents 
with a  low ra te  of rem oval, inclusions rich  in s ilic a  w ere found and i t  was evident 
that the coalescence of such inclusions was delayed because of a  h igher v isco sity .
It was a lso  concluded tha t in a well deoxidised, quiescent bath , the flotation ra te  of 
alum ina is approxim ately described  by Stokes’ law. H ow ever, fluid m anganese 
a lum ino-silicate  deoxidation products sep ara te  m ore slowly than p red ic ted  by S tokes’ 
law and this re ta rd a tio n  appears to be associated  with a  low in te rfac ia l energy  betw een 
the product and the m elt.
A n d e r s o n 5,76) has studied the ra te  of separa tion  of inclusions produced by 
m anganese-silicon-alum inium  com plex deoxidation on a labo ra to ry  sc a le . The 
apparatus employed was the sam e as that used by G revillius (61). The silicon  addition
was m aintained constant a t 0.45% w hilst the silicon  and alum inium  contents w ere 
varied  between the lim its  0-15% and 0.02-0.18%  respective ly . The separa tion  ra te  
w as influenced by both the Mn:Si and A l:Si ra tio  of the deoxidant. F o r Al:Si ra tio s  of 
0 .05 and 0 .1 0 , there  was a  rap id  in c rease  in the ra te  of rem oval as the Mn:Si ra tio  
was increased  from  1 .0  to 1 .8 . This was attribu ted  to a  decrease  in  the v iscosity  of 
the inclusions which facilita ted  coalescence. The separation  ra te s  fo r Mn:Si ra tio s  
g re a te r  than 1 . 8  w ere approxim ately the sam e as those fo r norm al silicon-m anganese 
deoxidation. The su rface  energy conditions w ere a lm ost constant a t these Al:Si 
ra tio s  and it  was therefo re  assum ed that they did not affect the separa tion  ra te .
F o r an Al:Si ra tio  of 0 .20 , a  fu r th e r  in c rease  in the ra te  of rem oval was 
observed fo r Mn:Si ra tio s  in the range 0 -1 .8 . This increase  was caused by the 
form ation of c lu s te rs  of a lum ina-rich  inclusions in addition to the sp h erica l complex 
oxides. These c lu s te rs  escaped very  rap id ly . F o r Mn.*Si ra tio s  g re a te r  than 1 .8 , the 
separation  ra te s  w ere the sam e as those a t Al:Si ra tio s  of 0.05 and 0 .10 .
At an Mn:Si ra tio  of 1 .75  and when varying the Al:Si ra tio s  betw een 0 .05 and 
0 .4 1 , an in c rease  in separa tion  ra te  was evident up to an Al:Si ra tio  of 0 . 2 0 . At 
h igher ra tio s , how ever, i t  was unaffected.
The separation  p ro cess  was studied for d ifferen t inclusion volum es to be 
rem oved. The separa tion  ra te  in the in itia l period  in creased  with in c reas in g  in itia l 
inclusion volum e, presum ably  caused by m ore favourable collision conditions. When 
an oxygen level of 1 0 0 - 2 0 0  ppm  was reached , how ever, the ra te  of rem oval was d e te r ­
m ined by the amount of s tir r in g .
Kawai and Kobayashi^77) applied Stokes' law to s ilic a  p a rtic le s  of a  given size  
d istribu tion  in s ta tic  and agitated ba ths. They found that the ris in g  velocity  of inclu­
sions in agitated baths was fa s te r  than p red ic ted  by Stokes' law and a ttribu ted  th is to 
the coalescence of p a rtic le s  which increased  th e ir  s iz e , w hilst the p a rtic le s  in the 
s ta tic  bath obeyed Stokes' law.
F isch e r(73) described  a  kinetic study of deoxidation with silicon in high 
frequency induction fu rn aces , which a lso  showed that separation  of p rim ary  deoxi­
dation products was very  much m ore rapid  in turbulent conditions than in quiescent 
o n es . This effect of turbulence has a lso  been observed by many o ther w orkers inclu­
ding Plockinger and R osegger(33), and D uderstad t and W eller(73), who used alum inium  
and o ther deoxidants to confirm  the effects found with silicon . F isc h e r  repo rted  from  
the sam e w ork that p rim ary  s ilic a  products w ere separated  very  rap id ly  in basic  lined 
fu rnaces (CaO o r  CaO -CaF 2 ) bu t only slowly with acid lin in g s . F u rth e r observations 
w ere that the tim e fo r to tal elim ination of products decreased  with inc reasin g  m elt 
tem p era tu re , decreasing  silicon addition, and decreasing  furnace size  which increased  
the surface  a re a  to volume ra tio .
Im ai(3®) repo rted  that s tir r in g  a m elt of low carbon killed  s tee l together with a 
synthetic slag  in a  ladle by m eans of a  ro ta ting  p ro p e lle r resu lted  in a c leaner s tee l. 
The to tal oxygen content decreased  from  75 ppm to 30 ppm in 5 m in . Increasing  the 
s tir r in g  ra te  apparently  caused a m ore rap id  decrease  in total oxygen although no 
figures w ere quoted in this c a se . F o r m elts  which w ere not s t i r r e d ,  the inclusions 
p re sen t in the finished product w ere calcium  alum inates of 50-100 ^ m  d iam eter 
resu lting  from  furnace slag  entrained in the m etal during tapping. F o r ca s ts  which 
w ere trea ted  with a  synthetic s lag  and s tir re d  in the la d le , the inclusions in the product 
w ere about 1 0  ^ m  in d iam eter and consisted of alum ina p a rtic le s  with only very  sm all 
amounts of lim e . It was concluded that the turbulence acce lera ted  the rem oval of the 
la rg e  C aO -A ^O s inclusions by the synthetic s lag  and by the ladle lin ing.
The im portance of s tir r in g  fo r acce le ra tin g  m eta llu rg ical reac tio n s  in s tee l 
m elts  was a lso  d iscussed  by L i n d e r A  sh o rt account was given of the theo re tica l 
background of turbulent flow occurring  during s tir r in g  and of the effects on hom ogeni­
sation and inclusion rem oval.
Ohkubo e t al^33*33) proposed a m odel to explain the effects of turbulence and 
of furnace lining m ate ria l on the ra te  of rem oval of inc lusions. The deoxidation
experim ents w ere c a rrie d  out in a high frequency induction furnace using various 
tem p e ra tu res , deoxid isers and furnace l in in g s^ 2). They found that the oxide content 
of the s tee l could be expressed  as a function of tim e by the equation:- 
“" k tC = CQe . .  . .  . .  . .  . .  . .  eqn. (2.22)
w here C is the oxide concentration a t a  tim e t following deoxidation a t t  = 0, CG is  a 
constant and corresponds to the m aximum oxide concentration, i . e .  the concentration 
a fte r  the addition of deoxidiser but before any products have separa ted  and k is  the 
ra te  constant which depends upon tem p era tu re , deox id iser, and crucib le m a te ria l.
The surface  area:volum e ra tio  of the m elt was included as a  fac to r influencing
The m odel of Ohkubo e t al appears to assum e that rem oval of deoxidation 
products by flo tation, according to Stokes’ law , is com pletely absen t and proposes 
tha t the m echanism  of inclusion rem oval in an agitated bath is essen tia lly  one of 
reaction  between the p a rtic le  and crucible m a te ria l. According to L in d o n ^), th is 
m odel is  very  reasonable provided that the turbulence is  sufficient to p re se n t a  m elt 
su rface  in contact with the crucib le which is continually changing and rep resen ta tiv e  
of the oxide concentration in the bulk m elt. Under these conditions, i t  is likely  that 
an equation of the form  shown below would apply:-
^  = - k . C .     . .  eqn. (2.23)d t V
dcwhere —  is  the ra te  of change of oxide concentration, C is  the average oxide concen- dt
tra tio n  of the bulk m e lt, k  is  the ra te  constant and A/V is the su rface  area.-volume 
ra tio  of the m elt. Upon in tegration between lim its  of c = CQ a t t = 0 and c = C a t 
t  = t ,  th is  would give equation (2 . 2 2 ).
The in c rease  in separa tion  ra te  of SiO£ in a  b asic -lined  furnace was confirm ed 
and attribu ted  to chem ical reac tion  between p a rtic le  and furnace lin ing. Rem oval of 
s ilic a  by an acid lining would not involve chem ical reaction  and would depend only on 
su rface  action between p a rtic le  and lining. The low ering of the separa tion  ra te  by 
increased  silicon addition was a lso  confirm ed, and can be explained by the fac t that
the res id u a l dissolved oxygen a fte r  low silicon additions was approxim ately 0.09%.
The deoxidation product, th e re fo re , would have been a liquid iron  s ilica te  which 
could re a c t with, and adhere to , a  siliceous lining to a  g re a te r  extent than could solid 
s ilic a  products re su ltin g  from  higher silicon additions. Rate constants determ ined 
a fte r m anganese-silicon  deoxidation w ere g re a te r  than those determ ined fo r silicon  
a lone , and s im ila rly  the ra te  constant fo r  alum ina separation  was im proved by the 
addition of m anganese.
L i n d s k o g ( 8 4 )  has c a rrie d  out labora to ry  and full scale industria l experim ents 
to study the rem oval of inclusions in a s t ir re d  m elt. The d eo x id isers , alum inium  and 
silicon , w ere m arked with the rad ioactive isotopes zirconium -97 and silicon-31 
respec tive ly . By m easuring  the rad ioactiv ity  in the s lag  and on the lining a f te r  com ­
plete  separation of the deoxidation p ro d u c ts , it  was shown that the inclusions w ere 
rem oved m ainly by adsorption on the lining and not by elim ination into the s lag .
F igures 2.37 and 2.38 show the amount of SiO£ on d ifferen t p a r ts  of the cruc ib le  
wall a fte r  deoxidation of 500 g pure iron with 0.5% radioactive silicon in a  high 
frequency fu rnace. It can be seen from  F ig . 2.37 that 85% of the SiC> 2  inclusions 
was found on the wall of the s ilic a  crucible and 15% in the slag . F o r an alum ina 
c ru c ib le , 90% of the Si02 inclusions was found on the wall and 10% in the s lag ,
F ig . 2 .38 .
Industrial experim ents using alum inium  m ixed with rad ioactive z irconium  
w ere a lso  c a rrie d  out in a  140 t ASEA-SKF ladle unit fitted with two s tra ig h t s t i r r e r s .  
Slag and m etal sam ples w ere taken a t sh o rt in tervals during the 30 m in trea tm e n t.
The rad ioactiv ity  in these sam ples was m easured  and th is showed th a t the s lag  sam ples 
w ere alm ost inactive, indicating that very  few deoxidation products w ere  p re sen t in 
the s lag . A fter the s tee l had been teem ed from  the ladle fu rnace, the activ ity  on 
d ifferen t p a r ts  of the lining was m easured . This was a  m aximum a t about the 1 m  
level and ra th e r  low a t the slag -line  (2.5 m level), which was in ag reem en t with the
low activ ities found in the slag  sam ples . The re su lts  showed, th e re fo re , that the 
m ajo rity  of deoxidation products w ere rem oved by the lining and not by the s lag . The 
flow p a tte rn  was a lso  found to influence g rea tly  the rem oval p ro c e ss .
K je l lb e rg ^ )  has studied the rem oval of inclusions a fte r deoxidation with 
alum inium  and r a r e  earth  m etals (Ce, L a , Nd and P r) in a sm all high frequency 
fu rn ace . It was found tha t with the intensive induction s tir r in g , L a 2 C> 3 and Nd2 C>3 
inclusions w ere rem oved m ore rap id ly  than A1 2 C> 3 p a r tic le s . M icroscopic exam ination 
indicated that the crucible wall was involved in the deoxidation p ro c e ss , although the 
m echanism  and extent of this w ere not d e term ined .
It should be noted a t this point that inclusion rem oval by adsorption on the 
furnace lining is p a rticu la rly  suited to the experim ental conditions of the high frequency 
induction furnace and the ASEA-SKF ladle un it, i . e .  high ra te  of m etal c ircu lation  as 
well as high ra tio  of wall area.-bath volum e.
T o rsse ll, G atellier and O le t t e ^ )  showed that s tir r in g  within a ce rta in  in tensity  
range prom oted the rem oval of inclusions, as shown in F ig . 2 .39  which re fe rs  to 
deoxidation by silicon , alum inium  and titanium  in labora to ry  c ru c ib les . The fac t that 
s tir r in g  is a  valuable m eans of elim inating inclusions has now been confirm ed in m any 
industria l tr ia ls  and is  a lso  in line with the known im provem ent in s tee l c leanness 
associated  with the turbulence crea ted  during decarb u risa tio n , e lec tro -m agnetic  
s t ir r in g , s t ir r in g  with argon o r another in e rt gas and, of c o u rse , vacuum degassing .
As previously  m entioned, P lockinger and W a h ls te r ^ ? )  m ade a s e r ie s  of 
experim ents in high frequency induction furnaces and found that solid alum ina p a rtic le s  
separa ted  from  the m elt m ore rapidly  than fluid s ilica te  inclusions. Holding the m elt 
quiescent in a  ladle a fte r deoxidation resu lted  in fu rth e r separa tion  of s ilic a  p a r t ic le s ,  
bu t very  little  fu rth e r decrease  in residual alum ina was observed , a ll the sep arab le  
p a rtic le s  having been rem oved in the in itia l p e riod . They concluded from  the d ifference 
in inclusion behaviour tha t Stokes' law is  not en tire ly  valid when com paring inclusion 
types and that the m ajo r reason  fo r this is the difference in su rface  p ro p e r t ie s .
They suggested that w etting of the s ilic a , and s ilic a - r ic h  p a r tic le s , by the s tee l 
h inders the ir separa tion , w hereas alum ina p a rtic le s  having a high su rface  energy 
a re  not wetted and a re  therefo re  unaffected by the m elt/oxide in terface  p ro p e rtie s .
Koenitzer and H a m m e r^ ^  have a lso  pointed out that liquid p ro d u c ts , in spite 
of th e ir ability  to in c rease  th e ir  size  by coalescence, do not escape as quickly and 
com pletely as some solid p ro d u c ts , e .g .  alum ina, the reason  given again being the 
high in te rfac ia l energy of solid alum ina p a rtic le s  with s tee l as against s ilica te s  with 
s te e l.
Lindon and B il l in g to n ^ )  have studied the deoxidation of s tee l a t 1550°C by 
complex deoxidants (Ca-Si-Al and M g-Si-Al) and made com parison with deoxidation 
by silicon , alum inium  and silicon-alum inium  alloys. It was concluded tha t in a 
quiescent bath , product separation  ra te s  in crease  as the in te rfac ia l energy  between 
inclusions and the m elt in c re a se s , thus confirm ing P lock inger's  re su lts  and supporting 
h is theory of the influence of su rface p ro p e rtie s  on inclusion rem oval.
Knlippel, Brotzm ann and F o r s t e r  ( 5 8 )  have suggested that with the r is in g  of 
oxide p a rtic le s  in liquid s te e l, there  ex ist a lifting  force and a flow re s is ta n c e  which 
a re  opposing each o th er. The lif t depends on the difference in density  between the 
s tee l and the oxide p a r t ic le s , and the flow re s is ta n ce  on the shape and size  of the 
p a rtic le s  and the v iscosity  of the s te e l. The type of boundary su rface  energy betw een 
s tee l and p a r tic le s , w hether wettable o r not, affects the ris in g  ra te  only ind irec tly  
v ia the form ation of agglom erates or c lu ste rs  of oxide p a r t ic le s . F o r  the individual 
p a r tic le s , the movement p ro cess  through the liquid s tee l is  approxim ately  the sam e 
on wetting and on non-w etting.
The sm all w ettability  of alum ina p a rtic le s  by liquid s tee l is  considered  by 
many w orkers to be a  predom inant fac to r in the rap id  rem oval of these p a r tic le s . 
H owever, according to Plockinger and W ahlster(8 8 )} the favourable boundary su rface  
p ro p e rtie s  of alum ina no longer apply to the elim ination p ro c e ss  if the p a r tic le s  a re  
below certa in  ’c ritica l' s iz e s . This size  fac to r possibly  accounts fo r the observation
that residual alum ina p a rtic le s  a re  re lu c tan t to separa te  from  a quiescent bath . In 
th is c ase , the only a lternative  mode of separa tion  is  by coagulation, and th is can 
occur if the m elting point of the alum ina inclusions is  appreciably  low ered.
Previous studies have shown that even with norm al aluminium deoxidation, a  con­
siderab le  degree of coalescence o r  agglom eration of the alum ina inclusions is 
experienced, but tha t this is confined to a very  sh o rt tim e in terval im m ediately  a fte r  
the addition of the alum inium  to the s tee l m elt. In o rd e r to obtain a  liquid phase fo r a 
longer period of tim e a fte r  the alum inium  addition, an appreciable low ering of the 
m elting point of the deoxidation products can be achieved by the addition of flu x es , 
enabling the inclusions to coalesce o r agglom erate over a  longer period  of tim e . In 
so doing, how ever, the favourable su rface  p ro p e rtie s  of the alum ina p a r tic le s , i . e .  
sm all w ettability  by liquid s te e l, m ust not be influenced adverse ly  to any appreciable 
extent.
V ery little  is  published regard ing  the use of fluxes for low ering the m elting 
point to acce le ra te  the separa tion  of alum ina inclusions by m eans of coagulation. 
Speith, Ende and Seelisch(89) found during study of inclusion separa tion  in casting  
ru n n e rs , that by adding ground fluo rspar to the casting  trough during  the casting  of 
alum inium -killed h e a ts , the chem ical com position of the separa ted  p roducts in the 
casting  ru nners  changed, and th e ir  m elting points w ere considerably  low ered. In 
addition, B ailey , Onus check and T u r fa (" )  repo rted  that the num ber of alum ina 
agglom erates d irec tly  under the ingot skin was low ered by the addition of flu o rid e -  
containing fluxes during the casting .
Choudhury and W a h ls te r ^ )  studied the effect of f lu o rsp a r (CaF£) and cryo lite  
(3 N aF .A lF 3 ) on the separa tion  in the ladle of the inclusions form ed during  alum inium  
deoxidation. F rom  the A l2 0 3 -C a F 2  equilibrium  d iag ram , F ig. 2 .4 0 , i t  is  apparen t 
that the m elting point of AI2 O3  can be lowered to a eu tectic  tem p era tu re  of 1270°C by 
the addition of C aF 2 . F rom  the 3 N aF .A lF 3 -A l2 C> 3 equilibrium  d iag ram , F ig . 2 .4 1 ,
i t  is apparen t that a t the eutectic com position of 18% AI2 O3  and 82% 3 N aF .A lF 3 , the 
m elting point of the m ixture is  low ered to 935°C. In the A l2 0 3 -C a F 2 - 3 N aF. AIF 3  
te rn a ry  sy stem , F ig . 2 .4 2 , the eutectic tem peratu re  is low ered even fu r th e r to 867°C.
Choudhury e t a l found that the average oxide content of the shee t p roduct was 
low ered by deoxidation with a lum in ium /fluorspar and alum in ium /cryo lite  m ix tu re s , 
com pared with s tra ig h t alum inium  deoxidation. The ductility  p ro p e rtie s  w ere also 
im proved. It was assum ed that th is was a re su lt of the fluo rspar and cryo lite  
influencing the coalescing of the alum ina inclusions. A d ire c t p roo f of th is  was not 
obtained, how ever, because the basic  elem ents of the fluxes could not be detected by 
the m ic ro an aly se r.
The com paratively  re c en t developm ent of solid e lec tro ly te  ce lls  fo r  d e te rm i­
ning dissolved oxygen has shown that these a re  ex trem ely  valuable aids fo r under­
standing the deoxidation p ro c e ss . M oreover, by taking sam ples and analysing the 
s tee l fo r oxygen using vacuum fusion and neutron activation techn iques, it  is  possib le  
to m onitor the to tal oxygen content of the bath . Consequently, the d ifference in these 
two values enables the amount of oxygen in the form  of inclusions in suspension in the 
bath  to be determ ined and the varia tion  of this p a ra m e te r  with tim e to be followed.
G ate llie r, T o rsse ll and 01e t t e ( ^ 5 , 92 )  have applied th is technique to the 
deoxidation of stee l with various e lem en ts, e .g .  s ilicon , alum inium  and titan ium . 
F igure  2.43 shows the re su lts  of an experim ent on deoxidation with silicon  a t 1600°C.
It can be seen tha t the dissolved oxygen content fa lls  very  rap id ly , and nucleation and 
growth of inclusions in these operating conditions appears to occur within 5 s (and 
probably much sooner). The inclusions them selves d isappear com pletely in  the te s t  
conditions within about 1 0  m in and a fte r th is tim e , a ll the res id u a l oxygen, i . e .  0 . 0 1 0 % 
which corresponds to equ ilib rium , is  p re sen t in  the form  of dissolved oxygen. A 
proportion  of this oxygen will p rec ip ita te  during cooling and the rem a in d er during 
solid ification. The resu lting  inclusions w ill have difficulty in floating out a s  p r e ­
viously mentioned.
F igu re  2 .44 shows a s im ila r  te s t  using alum inium , hi th is case  too, m ost of 
the oxygen is reac ted  with the alum inium  within a  few seconds. The apparently  slow er 
reaction  p ro ce ss  com pared to silicon deoxidation a r is e s  from  the difficulty  in dissolving 
an added fragm ent of alum inium  owing to the in c rease  in bath v iscosity  with alum ina 
prec ip ita tion . It is  again evident that m ost of the alum ina inclusions floated out within 
the f i r s t  10 m in. However, very  smaH p a rtic le s  rem ained in suspension in the bath 
fo r a  long period .
On the b asis  of the preced ing  d iscussion , the indications a re  tha t the answ er 
to the f i r s t  question, as to w hether the elim ination of inclusions is governed by a 
hydrodynam ic low such as Stokes’ law , is  negative as fa r  as p ra c tic a l steelm aking is  
concerned. It is  not true  to say , as  som e investigators have, tha t S tokes’ law  never 
has any relevance to steelm aking , because i t  is  applicable under the conditions for 
which i t  was d e riv ed . H ow ever, i t  is  certa in ly  not c o rre c t to expect i t  to p red ic t 
inclusion elim ination when convection cu rren ts  ex is t, p a rtic u la rly  fo r sm a lle r  inclu­
sions (less than about 2 0  /im ), the m ovem ent of which is  probably governed m ore by 
the fluid velocity than by buoyancy effects. With increasing  inclusion s iz e , the effects 
of buoyancy w ill probably becom e m ore dom inant, how ever.
In the case  of the second question, the hypothesis m ost generally  advanced to 
explain the differences observed in the ra te  of rem oval of inclusions having d ifferen t 
chem ical com positions is the effect of in te rfac ia l phenom ena. H ow ever, opinions 
d iffer widely as to the m echanism  by which such phenomena a re  effective. The 
p o ssib ilitie s  a r e :-
(a) by th e ir d ire c t effect on flotation
(b) by th e ir effect on growth
(c) by th e ir  effect on em ergence and adsorption
Although the re la tive  im portance of the f i r s t  effect has not been extensively  
investigated , the sm all amount of experim ental evidence which is  availab le  indicates
that it  is  unim po rtant, i . e .  variation in the stee l/inc lu sion  in te rfac ia l energy has 
little  effect on movement of the inclusion within the liquid s tee l. H ow ever, the 
assim ila tion  of inclusions when they impinge upon a collecting su rfa c e , e .g .  s lag , 
re fra c to ry  lining, depends very  much on surface energy e ffec ts, as apparently  does 
the growth and form ation of inclusion c lu s te r s .
The ro le  of su rface  phenomena in the m echanism  of rem oval of solid inclu­
sions and the form ation of inclusion c lu s te rs  in liquid s tee l has been studied in detail 
by K ozakevitch, L ucas, T o rsse ll and 0 1 e t te ^ » ^ ® » ^ » ^ ) .  A ccording to these 
in v estiga to rs, the ra te  a t which solid inclusions a re  rem oved from  a liquid m etal bath 
is  the overall re su lt of severa l p ro c e s s e s , and som e of these depend on su rface  
phenomena a t the various in c lu sio n /m eta l/s lag  in te rfaces .
Considering the escape of solid inclusions a t a  m eta l/g as  in te rfa c e , an inclu­
sion of m icroscopic dim ensions approaching the surface  of the liquid m etal may e ith e r 
rem ain  ju st below the surface of the m etal without escaping (the inclusion is  thoroughly 
w etted by the m etal) o r escape and float on the surface (no wetting). In the fo rm er 
c a se , the inclusion m ay easily  be re -en tra in ed  into the m etal by a  descending c u rre n t. 
In the case  of complete e scap e , th is en tra inm ent seem s much le ss  p robab le .
/  Em ergence of the inclusion can take place spontaneously only if it  leads to a 
reduction in the surface free  energy, G, of the sy stem , i . e .  AG <  0. The fre e  energy 
change, AG, is  given by :-
AG = y -  y - y  . .  . .  . .  . .  eqn. (2.24)'s  'm  sm
w here y  is  the surface  energy of the solid oxide, y ^  is  that of the liquid m e ta l, and
y  the in terfac ia l energy a t the inclusion /m etal in te rface . In o ther w o rd s , a  new sm
so lid /g as  surface  is  form ed and a m eta l/g as  and m eta l/so lid  su rface  d isap p ea r. It
follows that AG <  0 when y  > y  -  y  . The escape of a  solid inclusion is  thus/sm  's  /m
prom oted by.*-
(a) a  high in te rfac ia l energy , ysm
(b) a  low su rface  energy of the solid oxide, ys
(c) a high surface  energy of the liquid m eta l, y
The su rfa c e  energ ies of solid oxides of p rac tica l in te re s t appear to be always 
low er than those of iron o r s tee ls  with low oxygen and sulphur con ten ts . T hus, AG 
w ill norm ally  be negative. H owever, the num erical value of AG and, th e re fo re , the 
p ra c tic a l tendency tow ards em ergence can vary  g rea tly  from  one case  to another.
It should be noted that AG is  identical with the spreading coefficient,
It m ight also  be said that em ergence can occur when the adhesion energy  of the liquid
m etal re la tive  to the m a te ria l of the inclusion, W A = y  + y -  y  , is  low er thanA 's rm 'sm
the cohesion energy of the liquid m eta l, Wq  = 2 ^ .  The d ifference, -  Wq , is  
identical with the expression  given fo r AG in equation (2.24).
Among the values which en ter the base  equation (2.24), only y ^  can be m easured  
d irec tly . F o r yQt the su rfa c e  energy of d ifferent substances form ing solid  inclusions, 
i t  is possible  only to make som e estim ations based  on the su rface  energy of the sam e 
m a te ria ls  in the liquid s ta te . A ccording to m easurem ents on solid m eta ls  using  the 
zero  creep  method of Hondros and M c L e a n ^ ) ,  the surface  energy of m eta ls  in the 
solid state  is 0.1 -  0 .3  J /m ^  (100 -  300 e rg /cm ^) h igher than that of the corresponding  
liquid. By adopting this ru le , somewhat a rb itra r i ly , the values of ^  applicable to 
oxides can be obtained providing th e ir su rface  energy in the liquid s ta te  is  known. 
U nfortunately, the only data available re fe r  to A ^O g (0.69 J /m ^ ) , TFeO ’ (0.585 J /m ^ ) 
in equilibrium  with solid iron  a t 1450°C, SiC> 2  (0.307 J /m ^ ) and som e s il ic a te s , 
e .g .  Ca0 .M g0 . 2 Si0 2  (0.5 J /m 2).
Knowing yg and ym , i t  is  possib le  to calculate ygm quite easily  by m easu rin g  
the contact angle, 6 , re la ting  to a  d roplet of liquid m etal on a solid oxide support,
F ig . 2 .45 . The equilibrium  of the surface fo rces involved can be w ritten  a s : -
Combining equations (2.24) and (2.25) g iv es:-
AG = y  (cos 0 -  1) . .  . .  . .  . .  . .  eqn. (2.26)m
This la tte r  equation, although of lim ited validity , m akes i t  possib le  to p red ic t the
tendency of inclusions to em erge when y  and 0  a re  known. The condition 0  = 0°,
which proh ib its  any form ation of a  new inclusion /gas in te rfa c e , corresponds to the
condition y  = y  -  y  . It gives the maximum value of y  w here there  is com plete /sm  's  'm  /sm
w etting. The condition 0 = 90° corresponds to y  = and 0 = 180° corresponds to
y  ~ y  + y  and AG = - 2 y  ./ sm  's  m 'm
The above calculation m akes use of a vecto ria l m odel, F ig . 2 .4 5 , and is
th e re fo re  valid only fo r the range 0 ° <  0  <  180°, i . e .  in the range y  -  y ^  <
<  y  + y  . C ases w here y  <  y  -  y  , which cannot be covered by the contact angle s 'm  /sm  's  rm ’ J
m ethod, a re  frequent in solid + liquid + gas system s w here th e re  is good w etting,
but not in m etal + inclusion sy s te m s . On the o ther hand, cases w here y  > y  + y  ,J 'sm  's  m
which also  cannot be covered by the contact angle m ethod, do not occur in solid  +
liquid + gas sy s te m s , and the lim iting  condition = + ^m* * 'e * ® = !80° is  never
attained in p rac tice  as the angles m easured  a re  always le ss  than 180°. H ow ever,
th is lim it is  frequently  exceeded in system s com posed of a  solid and two im iscib le
liquids a s ,  fo r in stance , inclusion + m etal + slag  s y s te m s .
The contact angle, 0 , fo r  sev e ra l system s of p ra c tica l in te re s t is  shown in
Table 2 .3 . The values of AG can be estim ated* from  this data using equation (2.26).
Using the above equations, Kozakevitch e t a l ^ )  exam ined the em ergence of
alum ina inclusions and concluded th a t:-
(i) the tendency of pure  alum ina inclusions to em erge a t the su rface  of
pure  iron  and carbon s tee ls  is very  pronounced, even in the p re sen ce
of norm al amounts of su lphur, Table 2 .4 .
* When an inclusion em erges a t the surface  of the ba th , the m etal leaves the su rface  
of the inclusion. It i s ,  th e re fo re , the contact angle known as the ’reced ing  ang le’ 
which m ust be used. U nfortunately, the available experim ental re su lts  usually  
re fe r  to advancing angles so tha t the calculation is  le s s  p re c ise .
(ii) Reoxidation of the m etal by the surrounding atm osphere may well 
h inder the em ergence of inclusions, Table 2 .4 .
The reasoning  outlined for the em ergence of inclusions a t a m e ta l/g as  in te r ­
face is  equally valid fo r the m etal su rface  covered by s lag , the so lid /s lag  in terfac ia l
energy , y  , then rep lacing  y  and the m e ta l/s lag  in terfacial energy , y  , taking the s i s ml
place of y  . The basic  equation then becom es m
AG = y .  -  y  , -  y  •• . .  . .  . .  eqn. (2.27)'s i  'm l 'sm
The in te rfac ia l energy between the solid inclusion and the liquid s lag , y  , isSi
not m easured  d irec tly  and m ust be calculated using the slag /inclusion  contact angle
by m eans of estim ations based on y  . The contact angle form ed by a s lag  in contacts
with the surface of a solid oxide is always acu te , even when there  is no reaction
between the oxide and the s lag . F o r exam ple, 0 is  about 20° for the in te rface  between
alum ina and a silica te  s lag  d roplet sa tu rated  with AI2 O3 . A ssum ing an average value
fo r the surface  energy of the liquid s lag , of 0 .5  J /m 2  (500 e rg /c m 2) th is gives
ygl = y s ~ 7^ cos 6  =0*43 j / m 2  (430 e rg /c m 2). When the surface  of the alum ina is
attacked by the s lag , the in te rfac ia l energy**, y  , tends tow ards z e ro . Values of
will therefo re  alm ost always be le ss  than those of y  quoted prev iously . The effect ofs
a covering s lag  i s , in this s e n s e , always beneficial and is all the m ore so when solution 
takes p la c e .
The m e ta l/s lag  in terfac ial energy , ^  , can be m easured  d ire c tly . In gen era l, 
fo r two liquids which cannot be mixed a t all o r which m ix only slightly  and which a re  in 
equilibrium  with each o th er, it is frequently found that y ^  > y ^  > ^  case
ym Y = ym  ~ y \ the lim iting condition of sp read  of the light liquid (slag) on the
heavy liquid (m etal). However, can be le ss  than y  -  y  ^ , fo r in s tan ce , when a 
double ionic lay er is  form ed at the in terface of the two liquids. The repu lsion  of the 
like charges constituting the double lay er in each of the two e lem en tary  la y e rs  g rea tly
** Dynamic in terfac ial energy , i . e .  in a s ta te  of non-equilibrium
reduces the in te rfac ia l tension as appears to be the case  in p ra c tic e , p a rtic u la rly  at
a m e ta l/s lag  in te rface.
Values of y  , y, and y  , a re  given in Table It can be seen that the'm  7 1 'm l
spreading  coefficient, S, of the s lag  on the liquid m etal is positive in som e c a se s .
The values of y  being low er than those of y ^ t it  may be concluded that a covering 
slag  adverse ly  affects this te rm , p a rticu la rly  when a  double ionic lay er is  form ed a t 
the in terface  as is  m ost frequently the c ase . In p ra c tic e , how ever, the beneficial 
influence of ^  is  g re a te r  than the adverse effect of 3 / ^ .  C onsider, fo r exam ple, the 
escape of a  pure  alum ina inclusion a t the in terface  between pure  iron  and a covering 
slag  consisting of CaO + AI2 O3  + SiC>2 + 2 0 % C aF 2 , Table 2 .5 . This s lag  is  a  good 
solvent fo r alum ina a t 1600°C and the in terfac ial energy , y  , therefo re  tends tow ardsSI
zero . The values of y ^  and a re  1.205 J /m 2  (1205 e rg /c m 2) and 2.279 J /m 2
(2279 e rg /c m 2) resp ec tive ly . Substituting these values in equation (2.27) gives
AG = -3 .484  J /m 2  (-3484 e rg /c m 2). F or the escape of an alum ina inclusion a t a
pure  iro n /g as  in te rface , AG = -3 .179  J /m 2  (-3179 e rg /c m 2), Table 2 .4 . With the
covering s lag , th e re fo re , the reduction in su rface  free  energy fo r the escape of an
alum ina inclusion is  0.305 J / m 2  (305 e rg /c m 2) g re a te r  than without the s lag . It can
be seen tha t in this c a se , y  > y  . + y  . and, as previously  d iscu ssed , d ire c tsm  m l s i
calculation of AG using the contact angle method is  therefo re  not p o s s ib le .
The concepts outlined above re fe r  to an ideal situation , revealing  only the 
tendency of inclusions to em erge as a  re su lt of surface  phenom ena. K ozakevitch e t a l 
have suggested, how ever, that in the case  of sm all inclusions up to sev e ra l m icrons 
in d iam e ter, the conclusions based on this sim ple m odel m ight well be sufficiently  
close to rea lity .
Cosma^9®) has calculated the effects of su rface phenomena on the rem oval of 
alum ina and s ilic a  inclusions in austen itic  s ta in less  s tee l alloyed with n itrogen . The 
s tee l composition was 0.05% C, 0.61% Si, 9.25% Mn, 4.75% Ni, 18.21% C r and the 
n itrogen  content was varied  between 0.03% and 0.27% giving the s tee l types A-D in
Table 2 .6 . Contact angles and surface  energ ies w ere  m easured  using the se ss ile  
drop method. It was concluded, on the b a s is  of the re su lts  shown in Table 2 .6 , that 
inclusion rem oval in te rm s  of su rface energy  phenomena is rendered  m ore difficult 
by the p resen ce  of n itrogen , which varying within re la tive ly  sm all lim its , low ers both 
the s tee l/in c lu sio n  in te rfac ia l energy and the su rface  energy of the s tee l.
Cosm a also  considered the em ergence of the inclusions when th e re  was a  s lag
lay er p re sen t a t the m elt su rface . The re su lts  obtained a re  shown in Table 2 .7  from
which it  can be seen tha t there  is  a  m ore pronounced tendency fo r the inclusions to
escap e , as well as a difference in the capacity  of the various slags to adsorb  inc lusions.
It can also  be seen that because of a high value of y  , alum ina inclusions w ill tend to7sm
escape from  the s tee l into a ll the s lags except s lag  no. 9, w hereas Si0 2  inc lusions, 
having a low value of w ill only do so fo r about half of the experim ental s lag s .
Iyengar and Philbrook(97) developed a m athem atical model to p re d ic t the growth 
and elim ination of inclusions in liquid stee l s t ir re d  by natu ra l convection. The model 
was based on the hypothesis that the motion of inclusions is  influenced by the fluid flow 
resu ltin g  from  na tu ra l convection. Only when the fluid flow is negligible can a modified 
Stokes’ law be applied to p red ic t the ra te  of rem oval of inclusions. It was shown that 
the ra te  is dependent upon the growth ra te  of inclusions, the in tensity  of s t i r r in g  in the 
liquid s tee l and the efficiency with which an inclusion can be assim ila ted  by a bounding 
su rface . Of p a rtic u la r  in te re s t was the fact that the model explained tha t som e la rg e  
inclusions can rem ain  in the liquid stee l because of a low efficiency of ass im ila tio n  
caused e ith e r by a sm all residence  tim e at the collecting su rface  o r by insufficien t 
surface energy being re le ased  during the assim ila tion  p ro c e ss . This in d ica tes , 
th e re fo re , tha t su rface  phenomena m ay also  be im portan t fo r the rem oval of la rg e  
inclusions as well as fo r sm all ones.
Kozakevitch e t al a lso  exam ined the form ation of inclusion agg lom erates  in 
te rm s  of the variation  in su rface  free  energy , AG. As d iscussed  p rev io u sly , they
studied the deoxidation of iron by alum inium  a t 1600°C, F ig . 2 .44 . O bservation of 
the size  d istribution  of the p a rtic le s  form ed during this experim ent and its  varia tion  
with tim e proved to be ex trem ely  in te restin g . As F ig . 2.46 show s, the size  of these 
p a rtic le s  (3-4 n m) changed very  little  with tim e. The application of Stokes’ law to 
these inclusions showed a ra te  of r is e  of only 20 mmA, which would certa in ly  not 
produce a lm ost com plete rem oval of these inclusions in 1 0  m in as was observed . 
H ow ever, optical exam ination showed tha t instead of being re la tiv e ly  well d is tribu ted  
throughout the sam ple , the inclusions tended to ga ther together in c lu s te rs . The size  
of these c lu ste rs  was usually  between 50 and 200 jLim, although much la rg e r  ones up 
to 3 mm have also  been observed . By successive  polishing, it  was shown tha t the 
alum ina p a rtic le s  in the c lu s te rs  w ere a ll in con tact, p a ir  by p a ir ,  and form ed a  th re e -  
dim ensional unit. This contact was not apparent when the c lu ste rs  w ere observed  on a 
tw o-dim ensional m icrograph . This c lu stering  effect has since been observed  by m any 
w orkers using the scanning e lec tron  m icroscope, as in F ig . 2.47 which shows a c lu s te r  
of alum ina p artic les^® ).
Knuppel, B rotzm ann and F o rs te r^® ) w ere the f i r s t  to publish a  c le a rly  fo rm u­
lated theory regard ing  the m aintenance of inclusion agg lom erates. A ccording to these  
w o rk e rs , two alum ina p a rtic le s  which collide by chance in the m olten s tee l can s tick  to 
each other without having to coalesce in any way a t the point of contact. This p ro c e ss  
takes p lace on the im pact of two p a r tic le s , assum ed fo r calculation purposes to be of 
the sam e spherica l s iz e , in which the s tee l can draw  back from  the gap which occu rs  
between the spheres a t the point of contact, F ig . 2 .48 . As a re su lt of th is , the to tal 
s tee l/ox ide  boundary su rface  is  reduced over the two sp h e re s . If th is reduction  in 
su rface  a re a  is  AA, then the energy re le a se d , A E ^ , is  given b y :-
A E .. = y  AA . .  . .  . .  . .  . .  eqn. (2.28)7 sm
w here y  is the su rface  energy of the s tee l/in c lu s io n  in te rface .sm
The m ovem ent of the surface  of the s tee l m ust occur against the ex te rn a l 
p re s s u re , which consists  of the fe rro s ta tic  p re s s u re , p^, and the p re s s u re  a t the m e lt
su rfa ce , p a , with a  residual p re s s u re , p r , inside the gap prom oting the m ovem ent.
The energy n ecessa ry  to form  the gap is then given b y :-
AEp = AV (pf + pa -  p^)   eqn. (2.29)
w here AV is the volume of the gap. If AE >AEL, then the s tee l m ay spontaneously/  p
draw  back from  the gap in the m anner described  and form  a tube-like skin between 
the two alum ina sp h e res , which p re s se s  the spheres tightly together. O ther values 
being equal, the m elt/ox ide in te rfac ia l energy is the predom inant fac to r in  deciding 
w hether the two inclusions adhere o r not. Thus, the high in te rfac ia l energy  between 
liquid s tee l and alum ina favours agglom erate form ation .
Kozakevitch e t a l(33) extended the m echanism  proposed by Knuppel e t a l by 
sta ting  the conditions n ecessa ry  fo r such contacts to occur spontaneously. It is  no t 
easy  to define on a m olecular sca le  what constitu tes contact between two solid  s u r ­
faces of m icroscopic dim ensions which a re  not s tr ic tly  fla t. A ssum ing that i t  is  a 
question of one o r  m ore  very  sm all p ro jec tions o r points situated  on a su rface  e lem ent 
which is  approxim ately fla t, contact between these points and a  su rface  e lem ent of an 
adjacent inclusion is  im probable if the m a te ria l form ing these inclusions is w etted by 
the m etal (contact angle 0  = 0 °) with a  very  fine film  of liquid s till ’stick ing’ to each 
of the two su rfaces which should come into contact. This ex trem e case  n ev er hap p en s, 
how ever, in m etal + inclusion sy stem s. If the adhesion fo rces  between the m etal and 
the inclusions a re  only s lig h t, a  sm all input of ex ternal energy would be suffic ien t to 
allow som e points to ’touch' a  su rface  e lem ent of the ad jacent inclusion. At this 
m om ent, the two sm all su rface  elem ents of two ad jacent inclusions would be a  v e ry  
sh o rt d istance a p a r t. The very  thin lay e r of m etal separa ting  the elem ents w ill only 
be able to w ithdraw  spontaneously if the varia tion  in the surface  free  energy  of th is 
p ro c ess  is negative. The p ro cess  consists  of the d isappearance of two m e ta l/in c lu sio n  
in terface e lem ents and the form ation of two inclusion/void in terface  e lem en ts . The 
change in su rface  free  energy AG is  given b y :-
and AG is negative when > i . e .  'contact' between two approxim ately fla t
elem ents may be spontaneously established only when y  > y  . It is conceivable that7sm  7s
even the estab lishm ent of contact between one point and the surface  elem ent of another 
inclusion is subject to the sam e m echanism  of m etal w ithdraw al. C erta in ly , an in c re a ­
sed input of kinetic energy (vigorous s tirrin g ) should allow contact to be estab lished  
between points on adjacent elem ents even when <  y  , but in this case the m etal 
could not w ithdraw  spontaneously from  the points which have come into contact. The 
condition of AG <  0 is thus of c ritic a l im portance fo r the in itial stage of agglom erate 
form ation , and thus m akes i t  possib le  to classify  all (inclusion + m etal bath) system s 
into two groups: one group in which agglom erate form ation i s ,  in p rin c ip le , p o ssib le , 
and another group in which this p ro cess  is therm odynam ically im probab le . By com ­
bining equations (2.25) and (2.30), equation (2.31) is obtained:-
AG = 2 ) ^  c o s  0  . .  . .  . . . .  . .  eqn. (2.31)
It follows that agglom erate form ation is probable when 0 > 90°C but not probable 
when 0 <  90°C, thus highlighting the im portance of experim ental de term ination  of the 
contact angle.
C onsider, fo r exam ple, AlgOg and T i0 2  inclusions. In the case  of a  bath of 
pu re  iron , y  = 1 . 8  J /m 3  (1800 e rg /c m 2), 0  = 140° fo r AI2 O3  and 72° o r 84° fo r  TiC> 2  
(Table 2 .3 ). Consequently, AG = -2 .758 J /m 3  (-2758 e rg /c m 3) fo r AI2 O3  inclusions 
and AG = +1.112 J /m 3  (+1112 e rg /c m 2) o r +0.378 J /m 3  (+378 e rg /c m 3) fo r T i0 2  
inc lu sions. It follows from  this tha t agglom erate form ation is very  probable in the 
case  of AI2 O3  but not very  probable fo r TiC>2 , and th is is  in general ag reem en t with 
the experim ental data.
The coagulation of solid p a rtic le s  has a lso  been studied by B aptizm ansk ii, 
Bakhman and D m ishreiv(33). In p a r tic u la r , these  authors calculated the effect of the 
angle of contact between s tee l and inclusion, the rad ius of the p a r tic le s  and the f e r ro -  
s ta tic  p re s su re  on the streng th  of agglom eration. As pred icted  by K ozakevitch e t a l ,  
the streng th  of agglom eration increased  with inc reasin g  contact an g le , in c reas in g
p a r tic le  rad ius and decreasing  fe rro s ta tic  p re s su re , F ig . 2 .49 .
Another in te resting  aspec t of alum ina c lu s te rs  is  the form ation of dendritic  
alum ina p a rtic le s . F o r exam ple, F ig . 2 .5 0 , is  an e lec tron  m icrograph  of a  carbon 
rep lica  of alum ina dendrites found by T o rsse ll and O lette^® 0). F igure  2.51 is  a 
scanning e lec tron  m icrograph  of dendritic  alum ina c lu s te rs  in a s-ca s t stee l taken 
from  the work of R ege, Szekeres and F o r g e n g ( ^ l ) #  The dendrites appear to have 
grown from  a single nucleus. S im ilarly , F ig . 2 .52 also  shows dendritic  alum ina 
c ry sta ls^33).
Turkdogan has stated  that although the g ro ss  dim ensions of the c lu s te rs  a re  
re la tiv e ly  la rg e , they do not seem  to float out of the m elt very  read ily . B ecause of 
th e ir  in trica te  sh ap e , m etal entrapped between the dendrite  a rm s  in c rease s  the 
overall density  of the c lu s te r such that its  ra te  of r is e  is  m arkedly  d ecreased . This 
effect is  possib ly  even m ore m arked when alum ina c lu s te rs  a re  p re se n t in the ingot 
during teem ing. With re la tiv e ly  low teem ing te m p e ra tu re s , solid iron  m ay nucleate 
on the c lu s te rs  and p reven t them from  escaping. They becom e entrained  in the con­
vection cu rren ts  during cooling and solidification and eventually seg rega te  to the 
bottom  of the ingot.
Kozakevitch e t a l ^ )  have considered the application of S tokes’ law  to the 
d isplacem ent of agg lom erates. The la tte r  w ere  considered as re la tiv e ly  la rg e  spheres 
(100-3000 |im ) composed of iron  and alum ina and in S tokes’ law , the ra te  of r is e  v a rie s  
with the square  of the p a rtic le  rad iu s . The difference in density  is n a tu ra lly  sm a ll, 
bu t this is apparently  com pensated for by the s iz e . F igure 2.53 shows how the ra te  of 
r is e  of a  c lu ste r v a rie s  in accordance with Stokes’ law as a function of its  d iam e te r fo r 
c lu ste rs  containing 102 -10^ inclusions. F o r exam ple, a  c lu s te r  of 200 \ im  d iam eter 
containing 1 0 ^ inc lusions, o r 5% inclusions by volume exhibits a  d isp lacem ent velocity  
of 50 m m /m in . In this p a rtic u la r  c ase , how ever, the disp lacem ent is  a  re su lt of 
differences in density  and is  re ta rd ed  by fric tional fo rces under these conditions of 
la m e lla r flow, i . e .  fo r a  Reynolds num ber low er than 10. F igure  2.53 a lso  shows the
a re a  (shaded) corresponding to the c h a rac te ris tic s  of the c lu s te rs  observed in the 
experim ents of Kozakevitch e t a l. On the le ft, the d iagram  is lim ited by the app lica­
tion of Stokes’ law to a single inclusion (f = 1).
A ccording to Kozakevitch, with s t ir r in g  of the bath , a c lu s te r  has evidently 
m ore chance of being elim inated because of its  la rg e r  size  com pared with a  single 
inclusion, a s , in p rin c ip le , i t  is  sufficient fo r any single inclusion in the c lu s te r  to 
adhere to the re fra c to ry  lining o r to em erge a t the su rface  of the bath fo r the en tire  
c lu s te r to rem ain  th e re .
In concluding this sec tion , the question s till to be answ ered is  which of the 
four e lem entary  stages which have been d iscussed  in the p re sen t section (solution, 
nucleation, growth and flotation) is  the m ost im portan t fo r the production of clean 
s te e l. C ertain  authors a ttribu te  a  predom inant ro le  to nucleation and growth and 
have proposed m easu res  to b reak  up p e rs is ten tly  high degrees of su p ersa tu ra tio n .
F o r many o th e rs , chem ical equilibrium  is quickly attained and i t  is  the elim ination 
stage which rem ains the m ost im portan t. F rom  the point of view of the overa ll 
deoxidation reaction  and freedom  from  non-m etallic  inclusions, how ever, the la tte r  
stage m ust be regarded  as the m ost im portan t.
The considerations d iscussed  so fa r  show that re cen t advances have been 
made in our knowledge of the p a ra m e te rs  controlling the form ation and elim ination 
of non-m etallic  inclusions during deoxidation. Some of these advances have enabled 
c leaner s tee ls  to be produced on a m ore consisten t b a s is .
2 .4  FORMATION OF INCLUSIONS DURING STEELMAKING 
2 .4 .1  Effect of P ro cess  V ariab les
The type, size  and com position of the inclusions in the m olten s tee l changes 
a t various stages during the steelm aking p ro c e ss . Small changes in  sev e ra l d ifferen t 
operations during steelm aking may have a m arked  effect on the inclusions p re se n t in 
the s te e l. Typical of the im portan t steelm aking variab les  a re  the duration  of the b o il,
the deoxidation p ra c tic e , the tapping and teem ing operations and the com position of 
re f ra c to r ie s . Unfortunately there  a re  only a  few investigations reported  in the l i te ra ­
tu re  dealing with these im portan t fac to rs which govern the occurrence of non-m etallic  
inclusions in the solid s tee l.
P ickering , Blank, Morgan and S a l te r ^ 02-104) have made a detailed  study of 
the inclusions p re sen t a t d ifferen t stages during the m anufacture of s tee l by basic  
e lec tr ic  a rc  and open-hearth  p ro c e s s e s . B ecause th e ir  w ork gives im portan t in fo r­
m ation on the re la tion  between d ifferen t inclusion types and various steelm aking p a ra ­
m e te rs  , and because i t  fo rm s the background to the investigations repo rted  in this 
th e s is , a  detailed  rev iew  is  p resen ted  h e r e .
The m ajo rity  of the investigations w ere  concerned with double s lag  basic  
e lec tr ic  a rc  steelm aking and involved the production of 0 .65-0.70%  C^103), 1% C-Cr*104) 
and low carbon 2% Ni-Mo s te e ls . Liquid m etal bomb o r tube sam ples w ere taken a t 
various stages during the steelm aking , tapping and teem ing p ro c e sse s  in o rd e r to 
determ ine the natu re  of the non-m etallic  inclusions.
(i) Oxidation Period
The inclusions p re se n t a t m elt out, a  cold charge being used in  a ll c a s e s , w ere  
m ainly m anganese-alum inium  s ilica te s  resu ltin g  from  oxidation of the charge . As the 
boil p ro g ressed  during the oxidation p e rio d , the AI2 O3  and MnO contents of the s ilic a te s  
d ecrea sed , F ig s . 2 .54  and 2.55 as the alum inium  and m anganese w ere oxidised out of 
the charge. The m ost in te restin g  fea tu re  of the com position of the s ilic a te s  w as the 
p ro g ress iv e  in c re ase  in th e ir  CaO content during the b o il, F ig . 2 .5 6 . Silicon was 
a lso  oxidised out of the bath , bu t the SiC> 2  content of the s ilic a te s  did not change 
appreciably  throughout the oxidation perio d . The reaso n  fo r th is was tha t the inclusions 
form ed by oxidation probably nucleated on existing  inclusions in the bath  and w ere  
elim inated to the slag  by the turbulence during the b o il, bu t this sam e turbulence a lso  
caused slag  p a rtic le s  to be m ixed into the ba th . Thus, the turbulence c rea ted  by the
boil can account fo r the increased  CaO content of the s ilica tes  being produced by the 
en tra inm ent of s lag  in the bath. F u rth e r confirm ation of the ro le  of the slag  in form ing 
the inclusions p re sen t during the oxidation period  was given by the observation  tha t 
when considerable turbulence was c rea ted  by charging m a te ria l, a  sam ple taken 
im m ediately  afterw ards showed la rge  num bers of the highly calcareous s lag  inc lu sio n s . 
A lso , as  occasionally  happened, when s lag  had to be rem oved during  the b o il, the bath  
was p a rtia lly  deprived of its  s lag  cover and the m etal su rface oxidised to produce 
iron-m anganese s ilica te s  and these w ere entrapped in  the bath by the tu rbu lence. 
Consequently, a  sam ple taken im m ediately a fte r  such an in term ed ia te  slagging off 
contained sim ple iron-m anganese s ilic a te s , which w ere free  from  CaO. A typical 
average analysis of such inclusions from  th ree  sep ara te  tr ia ls  was 38% MnO, 25% FeO , 
37% Si02 .
Although s lag  en trapm ent accounted for an ev e r-in c rea s in g  p ropo rtion  of the 
inclusions p re se n t throughout the b o il, th e re  was not a  1 : 1  correspondence between 
the com position of the s lag  and tha t of the calcareous s ilica te s  a t the end of the bo il.
In fac t the inclusions w ere r ic h e r  in  MnO and Si0 2  and le ss  r ic h  in CaO than the s lag , 
and this was explained on the b a sis  that oxidation products tended to nucleate  on 
entrapped slag  p a r tic le s .
The size  of the s ilica te  inclusions varied  system atically  throughout the b o il, 
being la rg e s t a t the s ta r t  of the boil when the reactio n  was m ost v ig o ro u s, and 
decreasin g  in size  tow ards the end of the boil when the turbulence was s u b s id in g ^ 3). 
Superim posed on this general tren d , th e re  was a lso  a  m arked effect produced by the 
vigour of the b o il, as  indicated by the average ra te  of carbon rem o v a l, F ig . 2 .5 7 .
It can be seen  that a s  the ra te  of carbon rem oval in c reased , so the s ize  of the s la g -  
based s ilic a te s  in c reased . This effect cannot in crease  indefinitely because eventually , 
with very  g re a t tu rbu lence , the p a rtic le s  of slag  will be so la rg e  tha t they w ill sep a ra te  
alm ost im m ediately without being detected . A lso , with a very  tu rbu len t b o il, the 
energy will be sufficient to c rea te  the surface  a re a  associated  with sm all p a r t ic le s ,
and hence the slag  will be m ore effectively em ulsified. Consequently, a t very rapid 
ra te s  of carbon rem oval, sm alle r partic le  s izes may again be detected . There was 
evidence fo r this in some work c a rrie d  out on the oxygen injected basic  open-hearth  
(AJAX) p ro c e ss , as shown in F ig . 2 .57 . At the m ost rap id  ra te  of carbon rem oval, 
sm a lle r s ilica te s  w ere in fact observed , but as the ra te  of carbon rem oval decreased  
towards the end of the b o il, the p a rtic le  size  increased  and was in ag reem en t with the 
trend  observed fo r the boil during e lec tric  a rc  steelm aking.
When the in itia l charge to the furnace contained some chrom ium , e .g .  in a 
low alloy s te e l, it  was observed that sm all, individual p a rtic le s  of spinels w ere form ed 
during the oxidation p eriod . At m elt out, the spinels w ere m ainly ga lax ite , M nO .A ^O g, 
form ed by oxidation of any alum inium  in the charge , bu t a lso  containing som e C r2Og 
replacing  AI2 O3 . As the oxidation period proceeded , the alum inium  and a lso  the 
m anganese in the charge w ere rem oved and the com position of the sp inels moved 
rapidly  tow ards that of ch rom ite , F eO .C r 2 C>3 . A t the sam e tim e , chrom ite  inclusions 
w ere a lso  seen to be associated  with s ilica te  inclusions. Two fo rm s w ere  observed , 
one being a fa irly  la rg e  angular chrom ite within a  s ilica te  containing only a trace  of 
chrom ium . It was suggested that the s ilica tes  coalesced o r nucleated around these 
fa irly  la rg e  spinel p a r tic le s . The other fo rm  consisted  of chrom ite d en d rite s  which 
had been prec ip ita ted  within a com plex s ilica te  containing about 12-15% C r 2 C>3 . In 
th is c ase , considerable 0 ^ 0 3  had been dissolved in the s ilic a , yet the so lubility  of 
0 1 * 2 0 3  in S i0 2  is  very  lim ited^® 3). This solubility  can , how ever, be in c reased  by 
the p resen ce  of o ther oxides in the s ilic a te , the average com position of which was 
34% S i0 2 , 16% MnO, 11% FeO , 20% CaO, 3%A12 0 3 , l% M gO , 15% C r 2 0 3 , but only 
a t a tem peratu re  of about 1800°C^®3). It was suggested by P ickering  e t a l ,  th e re fo re , 
tha t oxygen lancing had caused a locally  very  high tem p era tu re , and in these  conditions 
the s ilica te s  had been able to d issolve sufficient C r2Og to re su lt in the p rec ip ita tio n  of 
chrom ite dendrites on subsequent cooling.
The evidence tha t slag-based  inclusions w ere picked up during the oxidation 
perio d , w hilst being obtained m ainly during experim ents on e lec tric  a rc  fu rn aces , 
was a lso  confirm ed during m ore lim ited investigations on the oxygen-lanced basic  
open-hearth  p ro c e ss . As shown in F ig . 2 .58 , there  was a p ro g ressiv e  in c rease  in 
the CaO content during the oxidation p e rio d . T h e re fo re , w hilst it  was not suggested 
that the inclusions p re sen t in the bath during the boil would p e rs is t  and appear in the 
final product, this obviously not being the c a se , there  was ample evidence to show that 
the type of inclusions could be closely  re la ted  to the actual p ro cesses  occu rrin g  during 
this period of steelm aking.
(ii) Refining Period
At the s ta r t  of refin ing, a fte r s lag  rem oval and p r io r  to deoxidation, the inclu­
sions p re sen t w ere calcium -m anganese s ilica te s  p e rs is tin g  from  the oxidation p erio d . 
Silicon deoxidation was effected e ith e r by the use of calcium  silic ide  o r fe rro -s ilico n  
The addition of calcium  silic ide  led to a  pronounced change in the s ilic a te  in c lu s io n s , 
those being produced by deoxidation containing up to 40% AI2 O3  due to the p re sen ce  of 
about 1.5% A1 in the calcium  silic id e , F ig . 2 .59 . The fe rro -m anganese  added also  
increased  the MnO content of the s ilica te s  and dilution effects g rea tly  low ered the CaO 
and S i0 2  contents of the s ilic a te s , even though calcium  silic ide  had been used . The 
inclusions s till  contained about 15% CaO, how ever, due e ith e r to the calc ium  deoxidation 
o r to the nucleation of deoxidation products on sm all p re -ex is tin g  s lag  p a r tic le s . 
Providing no fu rth e r deoxidation alloys w ere added, the s ilica te  com position gradually  
rev e rted  to a low er AI2 O3  and MnO content and a higher CaO and Si02 content as the 
f ir s t  form ed s ilica te s  w ere rem oved to the s lag  and w ere rep laced  by fu r th e r  s ilic a te s  
form ed from  oxygen picked up from  the h e a rth , banks and possib ly  the s lag . Any pick­
up of s lag  inclusions would a lso  give r is e  to ca lc ium -rich  s ilica te  in c lu s io n s . The 
effect of sm all amounts of alum inium  in the silicon deoxidation alloy in causing  the 
form ation of highly aluminous s ilica te s  was c lea rly  estab lished  by a num ber of inves­
tigations . That s lag  a lso  contributed to the s ilica te s  was shown by the fac t tha t when
fe rro -s ilico n  alone was used fo r deoxidation, the s ilica tes  still contained CaO,
F ig . 2 .60 . They a lso  contained appreciable AI2 O3  due to the fe rro -s ilico n  containing 
m ore than 1 % Al. However, the CaO content a t the end of refining when fe rro -s ilico n  
had been used was 20-25%, com pared with a lm ost 50% when calcium  silic ide  was used , 
and it seem s therefo re  that som e CaO was being introduced into the s ilic a te s  from  the 
calc ium -bearing  deoxidant.
Another fea tu re  observed was the gradual increase  in the AI2 O3  content of the 
s ilica tes  if additions of the alum inium -bearing silicon deoxidation alloy w ere made 
p ro g ressiv e ly  throughout the refining p eriod , in o rd e r to b rin g  the s tee l to specification , 
F ig . 2 .61 . If such an addition was m ade im m ediately p r io r  to tapping, the alum ina 
content of the s ilica te s  increased  sharp ly  even though im m ediately p r io r  to the addition, 
the AI2 O3  content of the s ilica te s  was le ss  than 2%. It was shown that som e of the 
CaO in these s i l ic a te s , which w ere p rim arily  deoxidation p ro d u c ts , orig inated  from  
the slag  even though the bath was re la tive ly  quiescent. This will be d iscussed  la te r ,  
bu t P ickering  e t al did suggest that general turbulence n e a r the a rc s  could be re sp o n ­
sible fo r som e adm ixture of s lag  and m eta l.
According to P ickering  e t a l, the alum inous s ilica tes  which a lso  contained CaO, 
p a rticu la rly  if  form ed in quantity by a la te  addition of fe rro -s ilico n  o r calcium  s ilic id e , 
can be re ta ined  in the bath long enough to be tapped into the lad le . A lso , they have 
been found in the final product w here they can give r is e  to p roblem s with re sp ec t to 
quality. These inclusions w ere often quite la rg e , and they appeared to in c rease  in 
size with increasing  AI2 O3  content. It was observed tha t if  selected  fe rro -s il ic o n  
containing very  little  alum inium  was used fo r deoxidation, the AI2 O3  content of the 
s ilica te s  was g rea tly  d ecreased , as a lso  was th e ir  s iz e , and few er quality  p rob lem s 
w ere encountered. Consequently, it  was found beneficial to use silicon  deoxidants 
containing a minim um  of alum inium , and to ensure  that no such deoxidant w as added 
la te  in the refin ing p e r i o d ^ 3).
Several investigations w ere  made in which fe rro -s ilico n  and alum inium  w ere 
added sim ultaneously a t the s ta r t  of refining. This gave r is e  to m anganese-alum inium  
s ilic a te s , the com positions of which depended upon the local concentrations of alum i­
nium and silicon . The alum inium  and silicon  each accom plished its  own deoxidation 
to produce alum ina o r s ilica tes  respective ly  in regions rich  in alum inium  o r silicon . 
These two types of inclusion w ere observed sim ultaneously in the bath im m ediately 
a fte r the joint deoxidation, but such a coexistence was very  tem porary  because c irc u ­
lation within the bath took these p rim ary  inclusions into regions of d iffering  deoxidation 
s ta te s . If the alum ina p a rtic le s  entered a  region ric h  in silicon , m anganese-alum inium  
silica te s  w ere p rec ip ita ted  around them . A lternatively , if  the s ilic a te s  moved into an 
alum inium  environm ent, reaction  occurred  to give a  silica te  rich  in AI2 O3  so tha t 
m ullite o r alum ina was p rec ip ita ted  from  the a lu m ino -s ilica te . If such a reaction  
went to com pletion, a lm ost a ll the s ilica te  was converted to an alum ina agg regate .
In ra re  c ircu m stan ces , coalescence occurred  between a shower of alum ina and s ilic a te s , 
giving r is e  to very  irre g u la r  s ilica tes  enveloping one o r m ore alum ina p a r tic le s .
The com plexity of these reactions resu lted  in inclusions having a wide range 
of composition and m orphology, but the m ost im portan t observation was tha t la rg e  
amounts of alum ina w ere not form ed. Consequently, the ra te  of deoxidation was 
decreased  because the aluminous s ilica te s  w ere le ss  rapidly  elim inated to the s lag  
com pared with alum ina.
As the alum inium  was consum ed, the AI2 O3  content of the s ilic a te s  decreased  
throughout refin ing , F ig . 2 .62 . The CaO content in c reased , indicating the ro le  of 
slag  in providing nuclei fo r  deoxidation p ro d u c ts , because no calc ium -bearing  deoxidant 
was used in this case . The band of re su lts  shown in F ig . 2 .62  was probably  caused by 
variab ility  in the in itia l s tate  of oxidation of the bath , and also  to variab le  ra te s  of 
oxygen pick-up and reaction  with alum inium . Because of the dynamic effect of con­
tinual rem oval of inclusions to the s lag  and the form ation of new inclusions from
oxygen p ick-up, the AI2 O3  content of the s lag  inc reased  throughout refin ing , F ig . 2 .63 , 
and was a t a higher level with increasing  alum inium  used in the deoxidation p ro c e ss .
O ther investigations w ere made in which alum inium  deoxidation was c a rrie d  
out p r io r  to the addition of fe rro -s ilico n  o r calcium  s ilic id e . Alumina show ers w ere 
produced and the average AI2 O3  content of the inclusions increased  sharp ly  to ^80% , 
F ig . 2 .64 . The inclusions fo rm ed, ap a rt from  alum ina produced by d ire c t deoxidation, 
com prised spinels and calcium  alum inates, the la tte r  originating from  the p re -ex is tin g  
inclusions which reacted  with the alum inium  addition. Providing an adequate alum inium  
addition was m ade, the subsequent addition of silicon -bearing  fe rro -a llo y s  did not 
produce any s ilica te  in c lusions. A s im ila r  s e r ie s  of changes was a lso  observed  when 
ferro -alum in ium  was used instead of alum inium . B ecause the alum ina thus produced 
was rap id ly  elim inated to the s lag , and no s ilic a te s  w ere fo rm ed, a  very  clean bath 
was produced. If, how ever, the in itia l deoxidation reactions used up m ost of the 
alum inium , any oxygen pick-up resu lted  in s ilica tes  being form ed. At the sam e tim e , 
ca lc ium -bearing  s ilica tes  from  the s lag  w ere a lso  observed. On the o ther hand, if 
the alum inium  addition was su ffic ien t to leave an adequate cover in the b a th , fu r th e r 
oxygen pick-up resu lted  in the form ation of m ore alum ina p a r t ic le s , and the s lag  
inclusions reacted  to form  calcium  alum inates and spinels (M gO.A^Og). P ickering  
e t al found tha t, depending upon the am ount of alum inium  added, the o rig inal oxygen 
content p r io r  to deoxidation, the amount of oxygen pick-up during re fin ing , and the 
ex tent of reaction  between the alum inium  in the bath and the refin ing s lag , then the 
alum inium  cover can p e r s is t  fo r various lengths of tim e . A high oxygen content a t 
the end of the boil, e .g .  with a  very  low carbon content, can cause a  v e ry  much 
decreased  alum inium  cover and n ecessita te  the form ation and elim ination of a  la rg e r  
volume fraction  of alum ina, which takes tim e , and thus the p rim ary  deoxidation m ay 
be neither uniform  nor com plete when the fe rro -s ilico n  is added.
The p re se n c e  of an adequate a lum inium  c o v e r , how ever, p re se rv e d  a clean 
b a th , b u t the effective alum inium  content d e c re a se d  with tim e d u rin g  re fin in g , and 
eventually  s il ic a te s  w ere  fo rm ed  u n le ss  s tep s  w ere  taken to add fu r th e r  a lum in ium . 
Some o b se rv a tio n s  on a  p a r t ic u la r  p ra c tic e  indicated  th a t an add ition  of 0.05%  Al 
p re se rv e d  an adequate cover fo r 40-45 m in , w h ils t 0.15%  Al in c re a se d  th is  tim e to 
85-90 m in , the p re c is e  e ffec ts  vary ing  w ith the p a r tic u la r  p ra c tic e  u sed . As the 
alum inium  cov er d e c re a se d  in e ffe c tiv e n e ss , so the AI2 O3  conten t of the inc lu sions 
d e c re a se d , a s  a lre a d y  shown fo r  the s ilic a te s  in F ig . 2 .6 2 . A s im ila r  e ffec t was 
ob served  fo r  the ca lc ium  a lu m in a tes  fo rm ed  fro m  the en trapped  s la g  p a r t i c le s . The 
g re a te r  the a lum inium  c o v e r , the h ig h e r w as the AlgOsrCaO ra tio  in the ca lc ium  
a lu m in a te s , a s  shown by the following d a ta . Im m ediately  a f te r  an add ition  of 305 kg 
fe rro -a lu m in iu m  to a  1 2 0  t  m e lt ,  the A l2 0 3 :Ca0  r a tio  of the ca lc ium  a lu m in a tes  w as 
9 .6 ,  w hich d e c re a se d  ov er the nex t 35 m in to 1 .67  as  the a lum inium  c o v e r d im in ish ed . 
A fu r th e r  addition of 102 kg fe rro -a lu m in iu m  im m ed ia te ly  re s to re d  the a lum inium  
c o v e r , and the AlgC^rCaO ra tio  of the ca lc ium  a lum inates  im m ed ia te ly  in c re a se d  to 
1 1 .1 . This c le a r ly  showed th a t an addition of alum inium  la te r  d u rin g  re fin in g  re a d ily  
re s to re d  a  fading a lum inium  co v e r. The p re se n c e  of an a lum inium  co v er to the end of 
re fin in g  th e re fo re  p re s e rv e s  a  c lean  bath  contain ing  a m inim um  of in c lu s io n s , w hich 
a lso  e n su re s  th a t a  m inim um  of inc lusions a re  tapped into the la d le . C onsequen tly , i t  
w as suggested  by P ick e rin g  e t  a l th a t alum inium  should be added a s  e a r ly  a s  p o ssib le  
d u rin g  re fin in g , and alw ays befo re  the s ilico n . The am ount of a lum in ium  added should 
be su ffic ien t to p re s e rv e  an adequate alum inium  co v er until tapp ing , and c o r re c tiv e  
s ilico n  additions should no t be added ju s t p r io r  to tapping when the alum in ium  co v e r is  
w eak es t, un less  p reced ed  by enough alum inium  to r e s to r e  an effective  c o v e r , o r  u n le ss  
the rem n an t co v er is  s tro n g . A lso , m o re  alum inium  should often be added if  the 
re fin in g  p e rio d  is  in ad v erten tly  extended.
The ro le  of s la g  in c lu s io n s , even in the re la tiv e ly  q u ie scen t re f in in g  p e r io d , 
h as  a lre a d y  been m entioned . The fac t tha t any d is tu rb a n ce  o r  tu rb u len ce  c re a te d  in
the bath can cause adm ixture of slag  into the bath was observed on many occasions in 
these investigations. Im m ediately a fte r such a d isturbance of the bath , an in c rease  
in the CaO content of the s ilic a te s , in a  p ro cess  not p rim arily  deoxidised by alum inium , 
was frequently observed . Two p a rtic u la r  causes of such entrapm ent w ere identified 
with additions of slag-form ing  m a te ria ls  and fe rro -a llo y s , and with m echanical 
s tir r in g  of the bath , as  shown in F ig . 2 .65 . The fact that these s ilica te s  always con­
tained considerably le ss  CaO than did the s lag  can be a ttributed  to them  acting as 
nuclei upon which deoxidation products w ere p rec ip ita ted . It was em phasised , how­
e v e r , tha t the effects produced by such d istu rbances w ere only tra n s ien t.
In g en era l, the inclusion size  decreased  p ro g ressive ly  throughout the reducing  
p e rio d , F ig . 2 .66 . The s ilic a te s  in a silicon  deoxidation p rac tice  w ere always much 
la rg e r  (45 p m )  than the alum ina, spinel and calcium  alum inates (5-15 p m )  in an 
alum inium -deoxidation p ra c tic e . The reaso n  given fo r the trend shown in F ig . 2.66 
was that a t the s ta r t  of refin ing , the supersa tu ra tion  was re la tiv e ly  g re a t so tha t each 
inclusion had ample opportunity to grow m ore than la te r  in refin ing , when the su p e r­
satu ration  was sm all and only caused by oxygen p ick -u p .
(iii) Tapping
Several effects w ere observed during tapping. The f i r s t  was the pick-up of 
launder erosion  products during tapping down a s iliceous (gannister) lau n d er. The 
re s u lt  was la rg e , highly siliceous globules, which invariab ly  contained p a r tic le s  of 
s ilic a  (c ris to b a lite ), and these occurred  in the m etal s tre am  issu ing  from  the end of 
the launder in a  silicon-k illed  s te e l. These inclusions often contained a  little  CaO 
from  slag  glaze on the launder. Replacing the siliceous launder by a  m agnesite  
launder com pletely rem oved th is type of inclusion. A lso, in an a lum in ium -treated  
s te e l, such launder erosion  products w ere  much le ss  p reva len t as  a  re s u lt  of th e ir  
reaction  with the dissolved alum inium .
D uring tapping, the m ajo r effect was produced by tapping through the refin ing  
s lag  in o rd e r to prom ote m ore effective desulphurisation . This always re su lted  in
the occu rrence  of la rg e  inclusions which undoubtedly originated from  the adm ixture 
of the s lag  with the s tee l during tapping. Two d istinct types of inclusions w ere ob­
served  in the ladle im m ediately a fte r tapping, depending upon w hether the s tee l was 
silicon-killed  o r a lum inium -killed .
In a silicon-k illed  s te e l, not trea ted  with alum inium , the inclusions in the 
ladle invariably  com prised la rg e  ca lc iu m -rich  s ilica tes  originating from  the s lag , 
as shown by the close correspondence of the analysis of the inclusions and the s lag  
in F ig . 2 .67 . The inclusions in the ladle w ere always considerably  la rg e r  than those 
in the furnace im m ediately p r io r  to tapping, F ig . 2 .6 8 , and always o ccu rred  in much 
g re a te r  am ounts.
In an alum in ium -treated  s tee l, w hilst s lag  inclusions w ere picked up during 
tapping through the s lag , these reacted  with the alum inium  dissolved in the s tee l to 
form  quite la rg e  calcium  alum inates containing Mg0 .A l2 0 3  spinel p a r t ic le s (104).
Again the s ize  of these calcium  alum inates was very  much g re a te r  than that of the 
inclusions occurring  a t the end of the refining p eriod , F ig . 2 .6 9 . The com position 
of the calcium  alum inates was very  dependent on the amount of alum inium  in the s te e l. 
The g re a te r  the alum inium  addition, the h igher was the A l2 C>3 :CaO ra tio  of the calcium  
a lum inates, and the sm a lle r was the p a rtic le  s iz e .
It seem s, th e re fo re , that despite the im provem ents which can be made by 
varying the deoxidation p rocedures during the refin ing  period to im prove the c leanness 
of the s tee l before it is  tapped, much of this im provem ent can be ren d ered  u se le ss  if 
the m etal is  tapped through the s lag  in an attem pt to produce low er sulphur contents. 
Using this technique, i t  seem s that the low er sulphur contents can only be obtained a t 
the r is k  of an increased  oxide content. These oxides, i . e .  the ca lc iu m -rich  s ilic a te s  
o r  calcium  alum inates originating from  the s lag , a re  th e re fo re  la rg e ly  exogenous but 
th e ir na tu re  can be a lte red  by reaction  with a  s trong  deoxidant added to the lad le . 
A ccording to P ickering e t a l , th e re fo re , the n ecessity  fo r tapping through the slag
m ust be se riously  considered and even questioned.
On the basis  of a very  sim ple calculation of the energy available to d isp e rse  
the slag  into globules within the s te e l, i t  was shown that the size  of the slag -based  
inclusions should d ecrease  as the amount of s lag  tapped with the s tee l d e c rea se s . 
Evidence fo r this was obtained from  a num ber of investigations into the effect of s la g -  
m eta l m ixing. The re su lts  showed tha t in seven tr ia ls  using norm al s lag -m eta l 
m ixing, the m ean m axim um  inclusion size  was ~  90 urn ,  w hereas in two tr ia ls  with 
very  re s tr ic te d  s lag -m eta l m ixing, i t  was ~ 60  /im . It was also  concluded tha t the 
num ber of la rg e r  s lag -based  inclusions should decrease  w hilst there  should a lso  be a 
la rg e r num ber of very  sm all s lag -based  p a r tic le s . This conclusion was a lso  verified  
by considering the ra tio  of s lag -based  to o ther inclusions, with s izes  g re a te r  than 
25 jLtms-
R atio slag: o th e r inclusions 
N orm al s lag -m eta l mixing 2.28
V ery re s tr ic te d  s lag -m eta l m ixing 0.87
F inally , on the evidence that a re s tr ic tio n  of s lag -m eta l m ixing produces 
few er of the la rg e r  inclusions, i t  would be expected tha t fo r  a constant am ount of 
oxygen pick-up and prec ip ita tion  of deoxidation products on the s lag  in c lu sio n s , m ore  
dilution of the CaO content of the inclusions should be observed when s lag -m eta l 
m ixing is  re s tr ic te d . This was also  observed , as shown by th e fo llo w in g resu lts .—
% CaO in Inclusions 
N orm al s lag -m eta l mixing 35
V ery re s tr ic te d  s lag -m eta l m ixing 21
It can be seen  therefo re  that a  c leaner s te e l, containing few er of the la rg e r  
in c lu sions, can be produced in the ladle if the slag  and m etal a re  not m ixed during 
tapping.
(iv) Deoxidation in the Ladle
In a silicon deoxidation p ra c tic e , experim ents w ere made to investigate the 
effect of additions of fe rro -s ilico n  or calcium  silic ide  to the lad le . These additions 
a lso  contained 1 -  lj%  A l. It was observed that the aluminium in the silicon alloys 
en tered  the deoxidation products which w ere fo rm ed , and g rea tly  increased  the AI2 O3  
content of the s ilic a te s . This is  shown in F ig . 2 .70 and these m ore highly alum inous 
s ilica te s  w ere quite la rg e  and led to quality control problem s p a rticu la rly  as 
they w ere form ed in the ladle and therefo re  had a g re a te r  opportunity to en te r the 
ingot. It was concluded, th e re fo re , that w herever po ssib le , fe rro -s ilico n  additions 
to the ladle should be avoided in a silicon-k illed  s te e l, and the im plem entation of th is 
suggestion led to a m arked im provem ent in c lean n ess^
In an alum inium -killed s te e l, in which an addition of alum inium  was a lso  made 
to the lad le , the m ixing of slag  and m etal during tapping resu lted  in the form ation of 
calcium  alum inates from  the reaction  between the slag  and the alum inium  in the s te e l. 
The Al2 0 3 :Ca0  ra tio  of the calcium  alum inates increased  with in creasin g  am ounts of 
alum inium  added to the lad le , changing from  CaO .A l2 C> 3 through Ca0 . 2 Al2 C> 3 to 
Ca0 . 6 A l2 0 3 . With increasing  AI2 O3 :CaO ra tio  in the calcium  a lum ina tes , th e ir  s ize  
decreased  as shown in F ig . 2 .71 . The reason  given fo r th is was tha t Ca0 .A l2 0 3  and 
calcium  alum inates le ss  r ic h  in AlgOg m elt a t tem pera tu res  below the ladle tem p era ­
tu re , and thus a re  m olten and can coalesce and grow to form  la rg e r  p a r t ic le s . On the 
o ther hand, Ca0 . 2 Al2 0 3  and Ca0 . 6 A l2 0 3  a re  solid and thus form  m uch sm a lle r  
p a r t ic le s .
Some observations w ere also  m ade on the effect of calcium  silic id e  additions 
to the ladle in a s tee l which was alum inium -killed and therefo re  contained calcium  
alum inates. The effect of the calcium  silic ide  was to cause considerably  sm a lle r  
calcium  alum inates fo r a  given A^OgrCaO ra tio , the size  fo r an A l2 0 3 :Ca0  ra tio  of 
2 .0  being about 20 jum com pared with 40 ^ m  fo r a s tee l not trea ted  with calcium  
silic id e . The reason  fo r th is effect was not given.
(v) E ffect of L adle Holding
D u ring  a holding p erio d  in the la d le , the la rg e r  inclusions can flo a t out into the 
lad le  s lag . H ow ever, th e re  is  alw ays the danger th a t the longer the s te e l is  in con tac t 
with the lad le lin ing , the m o re  tendency th e re  w ill be fo r  lad le  e ro s io n . In a  s ilic o n -  
k illed  s te e l ,  a sh o r t holding p erio d  of about 5 m in caused  a d e c re a se  in the m axim um  
s ize  of the s ilic a te s  from  57 ^ m  to 43 juni, which w as explained on the b a s is  of the 
la rg e r  inc lusions floating  into the lad le  s la g . As a  r e s u lt  of cooling in the la d le , 
fu r th e r  deoxidation p ro d u c ts  w ere  p re c ip ita te d , and as  the s te e l co o led , MnO w as 
p re c ip ita te d  in la rg e r  am ounts than SiOg. C onsequently  the MnO.-SiOg ra tio  of the 
deoxidation p ro d u c ts  in  a  s ilic o n -k ille d  s te e l in c re a se d  w ith in c re a s in g  tim e in the 
la d le , F ig . 2 .7 2 .
In an a lu m in iu m -k illed  s te e l ,  i t  was observed  th a t the AI2 O3  con ten t of the 
ca lc ium  a lum inates in c re a se d  a s  the tim e in the lad le  in c re a s e d . A t f i r s t ,  th is  w as 
be lieved  to be an ad ju stm en t tow ards eq u ilib riu m , b u t such a change would involve 
A I2 O3  rep la c in g  CaO in the ca lc ium  a lu m in a te , w hich is  the rm odynam ically  im p ro b ab le . 
A lte rn a tiv e ly , som e fu r th e r  p rec ip ita tio n  of alum ina on ex istin g  ca lc ium  a lu m in a tes  
m igh t be p o s s ib le , bu t in a  heav ily  a lum in ium -k illed  s te e l th is tendency w ill be v e ry  
s lig h t. In stead , the au th o rs  a ttr ib u ted  the e ffec t to the la rg e r  s ize  of the le s s  a lum inous 
ca lc ium  a lu m in a te s , F ig . 2 .7 1 , w hich allow ed them  to floa t out m o re  qu ick ly , leav ing  
the s m a l le r ,  m o re  alum inous ca lc ium  a lum inates  in  the s te e l .  Such a  flo ta tion  e ffec t 
w as confirm ed  by the m ark ed  in c re a se  in the AI2 O3  con ten t of the lad le  s la g  w ith 
in c re a s in g  tim e . T h ere  w as a lso  c le a r  confirm ation  of flo tation  of the la rg e r  ca lc iu m  
a lum inates  by the g en e ra lly  d e c re a s in g  s ize  of the ca lc ium  a lu m in a tes  rem a in in g  in  the 
lad le  w ith in c re a s in g  t im e .
(vi) E ffec t of V acuum  D egassing
Investigations w ere  m ade into the e ffec t of vacuum  d eg ass in g  on the in c lu s io n s  
p re s e n t  in the s te e l d u ring  two d eg assin g  p ro c e s s e s ,  hi the f i r s t ,  the w hole lad le  w as 
p u t u nder vacuum  (the Stokes p ro c e ss )  and th is  w as applied  to heav ily  a lu m in iu m -k illed
basic  e lec tr ic  a rc  s te e ls . T here  was no evidence that there  was any d issociation  of 
the very  stab le calcium  alum inates under vacuum , but the size of the inclusions 
definitely d ecreased . This was sim ply due to the holding period of 9-14 min brought 
about by vacuum degassing, which allowed flotation of the la rg e r  inc lusions, aided by 
the evolution of gas and the associated  turbulence. At the sam e tim e , the A^OgrCaO 
ra tio  of the calcium  alum inates increased  during degassing , caused by the flotation of 
the la rg e r ,  m ore calcareous inclusions during the vacuum degassing  p e rio d , as  shown 
by the following d a ta :-
A lsQ ^CaO ra tio  of calcium  alum inate 
B efore degassing A fter degassing 
T ria l No. 1 1.18 1 .94
T ria l No. 2 1.07 2 .00
T ria l No. 3 1.36 2.14
In a second investigation , a  vacuum lift p ro cess  was exam ined (the R-H p ro cess) 
using a silicon-k illed  basic  open-hearth  s tee l. P r io r  to degassing , the inclusions com ­
p rise d  calcareous s ilic a te s  orig inating from  furnace s lag , and m anganese s ilica te  
deoxidation products which contained som e AI2 O3  from  the alum inium  p re se n t in the 
fe rro -a llo y  additions. D uring degassing , a complex se r ie s  of changes was observed .
At the s ta r t  of and during the ea rly  s tages of degassing , the calcareous s ilic a te s  
tended to d ecrease  in CaO and in c rease  in AI2 O3  content. A fter about 6  m in these 
inclusions w ere no longer observed , the c ircu la to ry  action having apparently  elim inated 
them  to the s lag , and th is was confirm ed by the s lag  an a ly sis . The deoxidation p ro ­
ducts decreased  in AI2 O3  content during the ea rly  s tages of degassing  as som e w ere 
elim inated to the ladle s lag  and the rem ain d er w ere diluted by m anganese s ilic a te  
secondary deoxidation p roducts , free  from  AI2 O3 , which w ere p rec ip ita ted  on them  
during cooling in the lad le . L a te r , during degassing , the AI2 O3  content tended to 
in c re a s e , caused probably by contam ination from  ladle and d eg asse r re fra c to ry  
m a te r ia l, the deg asser body, legs and snorkel com prising high alum ina re f ra c to r ie s .
On the o the r hand, i t  was suggested that there  may have been som e d issociation  of the 
MnO and Si O2  of the s ilic a te s  during degassing , giving r is e  to a re la tiv e  in c rease  in 
AI2 O3 . Evidence fo r the elim ination of som e of these inclusions to the slag  was shown 
by the in c rease  in the AI2 O3  and MnO content of the slag . Still la te r  in the degassing 
p ro c e s s , the cooling caused m ore secondary deoxidation products to p rec ip ita te  on 
ex isting  inclusions, which increased  the MnO and Si02 contents. A fter about 6  m in 
degassing, a  new type of s ilica te  was observed which p e rs is te d  to the end of the 
degassing  perio d . This was a  highly alum inous s ilica te  containing about 35% AI2 O3 , 
25% Si0 2 , and i t  was suggested tha t i t  re su lted  from  d eg asse r re fra c to ry  e rosion . 
F u rth e r confirm ation tha t som e inclusions orig inated from  the highly alum inous 
d eg asse r re fra c to r ie s  was provided by the fac t that they frequently  contained spinel 
(galaxite) o r alum ina p a r tic le s . At the end of the degassing p ro c e s s , a  num ber of 
secondary deoxidation m anganese s ilic a te s , v irtually  free  from  AI2 O3 , w ere  observed . 
In general, the inclusions observed in the ladle p r io r  to degassing  w ere  com pletely 
elim inated , but the erosion  products p e rs is te d  through to the end of degassing . T here  
was apparently  little  system atic  varia tion  in size  of each of the various types of inc lu ­
sion throughout degassing , but a  very  significant difference in size  between the 
d ifferen t types was observed . The A ^ O s-r ic h  erosion  products w ere n early  twice 
as la rg e  as  the deoxidation p ro d u c ts , 110 jum against 60 fxm  re sp ec tiv e ly . F ro m  the 
re su lts  of extensive oxygen a n a ly se s , i t  a lso  seem ed tha t little  oxygen was rem oved 
during the la te r  stages of degassing  but extensive m ixing of the s tee l o ccu rred . 
A ccording to P ick erin g  e t a l ,  th is and o ther evidence indicates that little  d issociation  
of the s ilic a te s  takes p lace under vacuum . Consequently, the effectiveness of 
in c reased  m ixing and hom ogenisation m ust be offset against the p o ssib ility  of g re a te r  
re fra c to ry  e rosion , although the c ircu la to ry  action does apparently  help to e lim inate  
inclusions to the ladle s lag .
(vii) Teem ing Period
In silicon-k illed  b asic  e lec tr ic  a rc  furnace s te e ls , the inclusions observed
w e re  both deoxidation products of the m anganese alum inium  silica te  type and calcareous 
slag -based  inclusions. D uring teem ing, there  was a  pronounced tendency fo r these 
inclusions to increase  in AlgOg content, F ig . 2 .73(a). This was a ttribu ted  to p ro ­
g ressiv e  contam ination by ladle re fra c to ry  erosion  p roducts . It was shown that a 
very  low contam ination ra te  was req u ired  to account fo r  the observed in c rease  in the 
AI2 O3  content^® 3). It was concluded tha t the upper and low er lim its  of the band shown 
in F ig . 2.73(a) probably rep resen ted  the ex trem es of ladle lining condition. F u rth e r 
evidence fo r the contam ination with ladle erosion  products is shown in F ig . 2.73(b) in 
which the TiC> 2  content increased  with tim e , TiC> 2 being a tra c e r  in the re f ra c to r ie s .
Ladle linings which w ere m aintained by a sprayed gann ister coating w ere 
observed to give r is e  to many m ore erosion  products than e ither b ricked  o r ram m ed 
lin in g s . These ladle erosion  products a lso  frequently  contained a  little  CaO resu ltin g  
from  the slag-contam inated  ladle g la z e .
Using a sim ple flotation model fo r inclusions in the lad le , the m axim um  size  
of inclusions of the s ilica te  type was p red ic ted  fo r any tim e during the teem ing p ro c e s s , 
as shown by the full line in F ig . 2 .7 4 . The maxim um observed p a rtic le  size  should 
in c rease  with tim e during teem ing, and th is was in fac t observed in p ra c tic e . The 
la rg e s t ca lc iu m -rich , s lag -based  s ilica te s  w ere  in  general never b igger than the 
p red ic ted  m axim um , but the la rg e s t ladle erosion  products w ere considerab ly  g re a te r  
than the p red ic ted  m axim um  s ize . The reason  given fo r this was th a t ladle erosion  
p roducts w ere produced continually throughout teem ing in a  wide sp ec tru m  of s ize s  
and a t a  tim e dependent upon the local softening and scouring  action of the reac tio n  
la y e rs . Consequently, flotation m odels cannot read ily  be used to p re d ic t th e ir  s iz e s , 
which a re  much g re a te r  than would be p re d ic te d . It was observed tha t w h ils t ladle 
holding allowed flotation to o ccu r, the ex tra  tim e involved fo r the s te e l in contact with 
ladle re fra c to r ie s  could give r is e  to m ore erosion  p roducts . The conditions fo r 
form ing the m inim um  of erosion  products a re  therefo re  com plex, involving a  c r itic a l
in te raction  between holding tim e, teem ing speed , tem peratu re  and above all the in itia l 
condition and type of the ladle lining.
In the case  of silicon-killed  basic  open-hearth  s te e ls , the inclusions p resen t 
during teem ing w ere m ainly deoxidation products and ladle erosion  p ro d u c ts . The 
calcareous slag-based  inclusions had la rge ly  been elim inated to the ladle s lag  during 
vacuum degassing. The MnO:SiO£ ra tio  of the p rim ary  deoxidation products was ob­
served  to in c rease  during teem ing, as m ore MnO than SiO£ was p rec ip ita ted  upon them 
during cooling in the lad le . Typical re su lts  have already  been shown in F ig . 2 .72 .
The p rim ary  deoxidation products a lso  increased  in AI2 O3  content in a  s im ila r  m anner 
to the s ilica te s  a lready  described  in the basic  e lec tric  a rc  s te e ls , the suggested reason  
again being contam ination by ladle erosion p ro d u c ts , bu t this contam ination did not 
usually commence until som e m inutes a fte r the s ta r t  of teem ing. No c lea rly  defined 
trend  in the size  of these inclusions w as, how ever, observed during teem ing.
A predom inant type of inclusion throughout much of the teem ing p ro ce ss  was 
the m anganese alum inium  silica te  ladle erosion  product. Some of these a lso  originated 
from  nozzle and stopper e rosion . These w ere  usually very  la rg e , as shown by the 
following m aximum sizes observed:
P rim ary  deoxidation products 49 ^m
Secondary deoxidation products 32 ^m
Ladle erosion  products 107 n m
In gen era l, these inclusions tended to in c rease  in size  tow ards the end of 
teem ing as la rg e r  m asses of glaze w ere scoured from  the ladle lining due to softening 
becom ing m ore pronounced as the tim e of contact between the s tee l and re fra c to ry  
increased .
In s tee ls  which had been heavily killed by alum inium , the o ccu rrence  of ladle 
erosion  products was by no m eans so read ily  observed , because reaction  o ccu rred  
between the s ilica te s  and the alum inium  dissolved in the s te e l , tending to fo rm  alum ina 
and spinels and even calcium  alum inates from  the CaO often p re sen t in the erosion
p roducts. N evertheless, c lea rly  defined erosion products w ere observed in sam ples 
taken from  the ladle s tre a m , when they had had le ss  tim e to re a c t with alum inium , but 
not in the ingot itse lf  when the reactions had probably gone m ore o r le ss  to com pletion. 
The s ilica tes  contained ra th e r  high A I 2 O 3  contents of 2 0 - 5 0 % ,  and i t  was suggested 
that they w ere erosion  p ro d u c ts , the high and variab le AI2 O3  content probably being 
the re su lt of p a rtia l reaction  with alum inium . Inclusions of this type have been ob­
served  in labora to ry  investigations into the reaction  between s ilica te s  and alum inium  
dissolved in the s t e e l ( 2 2 , 9 8 , 1 0 7 ) .  It was suggested that they w ere probably nozzle 
and stopper erosion products which had not had sufficient tim e fo r com plete reaction  
before the sam ple was taken, and this was to a  la rg e  extent confirm ed because they 
contained no CaO, which would have been p re sen t had they originated from  ladle 
g lazes. It was not im plied that ladle re fra c to ry  erosion did not o ccu r, bu t ra th e r  
that such erosion  products had tim e to re a c t with alum inium  during th e ir residence  
in the lad le . In som e of the erosion p roducts , second phase p a rtic le s  of alum ina w ere 
a lso  observed. This alum ina was not thought to re su lt from  reaction  with alum inium  
because the m ullite typically observed in labo ra to ry  e x p e r im e n ts ^ 7) was riot seen . 
R ather the alum ina was thought to a r is e  from  the erosion  re a c tio n s , i t  having been 
shown that la rge  amounts of corundum can be form ed in the surface  la y e rs  of alum ino- 
s ilica te s  which have been im m ersed  in liquid s tee l.
There was no system atic  varia tion  in the AI2 O3  content of the e ro sio n  products 
during teem ing, probably because they varied in AI2 O3  a t the time of th e ir  fo rm ation , 
and the analysis would be random ised fu rth e r by variab le  reaction  with alum inium  
dissolved in the s tee l. T here w as, how ever, a tendency fo r the la rg e s t e rosion  products 
to increase  in size  as teem ing p ro g re sse d , F ig . 2 .75 and this was p a rtic u la rly  observed 
tow ards the end of teem ing, and when teem ing was inadvertently  prolonged. This 
showed the detrim ental effect of an increasing  tim e of contact between s tee l and r e f r a c ­
to ry  on the form ation of erosion p ro d u c ts .
In addition to e rosion  p ro d u c ts , there  w ere also  calcium  alum inates and 
alum ina p re sen t during teem ing. There was a  tendency fo r the A l2 C>3 :CaO ra tio  of 
the calcium  alum inates, which often contained second phase Mg0 .A l£ 0 3  p a r tic le s , 
to increase  with tim e during teem ing, and fo r the size of the calcium  alum inates to 
d ecrease . These effects a re  m utually com patible; the la rg e r , low -m elting-point 
calcium  alum inates having a lower A^C^rCaO ra tio , F ig . 2 .71 , float out of the ladle 
m ore read ily  during teem ing. The alum ina p a r tic le s , and the calcium  alum inates of 
the Ca0 . 6 Al2 0 3  type w ere very  sm all in size (less than 5 |im ) throughout teem ing, 
and together with M gO.A^Og sp in e ls , w ere form ed by reaction  between entrapped 
slag  and the alum inium  added in the lad le . It was concluded, how ever, tha t the m ain 
sources of alum ina w ere d ire c t deoxidation, o r from  the pick-up of oxygen during 
teem ing.
The average sizes  of these various inclusions w ere very  d ifferen t, as shown 
by the following d a ta :-
A verage d iam e te r, qm  
Alumina and Ca0 . 6 Al2 0 3  <^5
Other calcium  alum inates 27
E rosion  s ilica te s  64
The reaso n  given for the sm a lle r size  of these erosion  s ilic a te s  com pared with 
those in the silicon-k illed  s tee ls  was that they never had tim e to grow o r coalesce  
because they w ere a lte red  by reaction  with the alum inium  in the s te e l. A lso , it  has 
been shown that alum inium  in s tee l d ec reases  the amount of liquid in  the e ro sio n  lay e r 
and that this tends to d ecrease  the size  of the erosion  products scoured  from  the ladle 
lining.
A ccording to P ickering  e t a l, the m ost deleterious place in which inclusions 
can be form ed is  probably the ingot because they will then have the le a s t chance of 
escaping from  the s te e l, although there  is  evidence that inclusions can flo a t out to
som e extent in the mould i t s e l f  0 4 ) .
The oxygen requ ired  in the solidification of rim m ing s tee l ingots is  m ore than 
that available in the liquid s tee l teem ed into the ingot m o u l d ( 1 0 8 ) > an(j m ust be supplied 
from  the atm osphere a t the turbulent su rface  of the ingot. One source of such oxygen 
is  the scum  which form s by a tm ospheric  oxidation on the surface  of the liquid m etal in 
the ingot m ould, and cine film s of this su rface  have shown that la rg e  m asses  of scum  
can be entrained in the solidifying ingot. In a  study of the inclusions in rim m ing  s te e ls , 
P i c k e r i n g ( l O S )  observed that som e large  inclusions consisted of (FeMn)O dendrites in 
a s ilica te  m a trix . An exam ination of the scum  from  the ingot revealed  that i t  had 
v irtually  an identical s tru c tu re  and there  can be little  doubt that in rim m ing  s te e ls , 
som e la rg e  inclusions a re  a  d ire c t consequence of the en trapm ent of la rg e  m asses  of 
the scum . S im ilar observations of scum  entrapm ent have been repo rted  by B ruch , 
G risa r  and M liller(HO), H o u sem an (m ) and Ichinoe et a l ^ 2).
In the m anufacture of balanced o r  sem i-k illed  s te e ls , a technique which can 
be used is  to add sufficient deoxidant to the mould to regulate the gas evolution so tha t 
a  balanced condition r e s u l ts . P ickering considers that such a p rac tice  is  not perhaps 
the b e s t because it form s fa irly  la rge  amounts of deoxidation products w ithin the m ould, 
and ladle balancing is a  m ore effective method to produce clean balanced s te e l. Two 
methods of mould balancing w ere investigated . In the f i r s t ,  an alum in ium -silicon  alloy 
was fed into the mould to regulate the rim m ing action and it  was found tha t a  la rg e  
proportion of p la tes w ere re jected  because of deoxidation inclusions form ed d irec tly  by 
mould balancing. An investigation into th is p rac tice  revealed  that when sam ples w ere 
taken from  the ingot mould before and a fte r the addition of the a lum in ium -silicon  alloy , 
those taken a fte r  the addition contained considerably  g re a te r  AI2 O3  contents in the 
s i l ic a te s , F ig . 2 .7 6 . P r io r  to the addition of the deoxidants to the m ould, the inclusions 
w ere p rim ary  deoxidation products of m anganese s ilica te  o r MnO, but a fte r  the 
a lum inium -silicon  deoxidant had been added, they w ere very  fluid m anganese alum inium  
s i l ic a te s , and frequently of la rg e  s iz e . They form ed e ith e r by a d ire c t deoxidation
reaction  with dissolved oxygen o r  by a reaction  between the added alum inium  and 
silicon  and the p re -ex is tin g  inclusions. When the rim m ing reaction  ceased , these 
m anganese alum inium  s ilica tes  then segregated into the bottom third  of what behaved 
as a killed i n g o t ( 1 0 9 )  an(j g3 .ve r is e  to lam ination defects.
In the second m ethod, a  rim m ing stee l was uph ill-teem ed  and the la s t m etal 
was trea ted  with alum inium  to produce a killed o r  stab ilised  stee l core  within a rim m ed 
perip h ery . In the rim m ed p e rip h era l lay ers  of the ingot, the inclusions w ere  m ainly 
s ilica te s  but in the co re  of the ingot they abruptly  changed to alum inous s ilic a te s  o r 
alum ina c lu ste rs  depending on the amount of alum inium  used. These alum inous inclu ­
sions w ere form ed by d ire c t deoxidation, and by reaction  with ex isting  i n c l u s i o n s ^ 7 ) .  
The com positions of the inclusions form ed from  the aluminium deoxidation w ere depen­
dent upon the amount of alum inium  u sed , increasing  in AI2 O3  content with inc reasin g  
alum inium  additions. An in te resting  featu re  of this investigation was tha t the m ore 
aluminous the inclusions, i . e .  the m ore alum inium  added to the m ould, the c lean er 
was the s tee l.
The use of exotherm ic feeder head compounds, which contain free  alum inium  
in a therm ite  m ix tu re , can lead to unusual inclusions in the ingot. F or exam ple, in a 
silicon-k illed  lj%  Mn s te e l, P ickering  e t a l observed  groups of la rg e  alum ina inclu­
sions in the upper p a r t  of the ingot, although no alum inium  had been used a t any stage 
during th e ir  m anufacture. The alum ina inclusions occurred  a t positions down to 30% 
from  the top of the ingot, and w ere a ttribu ted  to alum inium  deoxidation of the top of 
the ingot by the free  alum inium  in the exotherm ic feeder head compound. A pparently  
convection cu rren ts  within the solidifying ingot w ere capable of draw ing the inclusions 
down into the body of the ingot.
A second example concerned the form ation of duplex M gO .A ^O s sp inels with 
calcium  alum inium  s i l ic a te s , which w ere confined to b ille ts  from  the top p a r t  of ingots 
of a basic  e lec tr ic  high carbon s tee l. This s tee l a lso  had at no stage in its  m anufacture 
been trea ted  with alum inium , and the fe rro -s ilico n  used fo r deoxidation had been
specia lly  selected  to contain a low residual aluminium content. The s tee l had, 
how ever, been tapped through slag  in o rd er to achieve a  low sulphur content, and a 
very  effective exotherm ic feeder head compound had been used on the ingo ts . The 
p resen ce  of the calcium  alum inium  silica te  associated  with the spinel indicated that 
en trained  slag  was p a rtia lly  responsible for the inclusions, and i t  was a lso  suspected 
that the exotherm ic feeder head compound played a p a r t  in th e ir form ation. E xperi­
m ents in which non-reactive  feeder head compounds such as verm icu lite  w ere used , 
showed a m arked d ecrease  in  the frequency of occurrence of the detrim en ta l inclu­
s io n s, F ig . 2.77 but did not en tire ly  elim inate them . However, the very  effective 
re s tr ic tio n  of s lag -m etal m ixing during tapping, coupled with a non-reactive  feeder 
head compound, v irtually  elim inated the inclusions. It was suggested that slag  
inclusions w ere entrained in the s tee l during tapping and som e a lso  passed  into the 
ingot during teem ing. As they floated up to the top of the ingot, they reacted  with the 
exotherm ic feeder head compound to form  spinel p a rtic le s  within the ca lc iu m -rich  
s ilica te s  from  the s lag , which a lso  becam e enriched in alum inium  as  a  re s u lt  of the 
free  alum inium  in the exotherm ic compound. P a rtic le s  of the sp in e l-s lag  com plex 
then becam e detached from  the reacted  lay er and w ere c a rrie d  by convection c u rre n ts  
into the body of the ingot, although they w ere m ainly confined to n e a r the top. The 
reason  given to explain why the use of a  verm iculite  insulating lay er did not en tire ly  
elim inate the inclusions was that verm iculite  can, a t high tem p e ra tu re , b reak  down 
to form  M gO .A ^O s sp inel, which was entrapped by slag . The low er frequency of 
occurrence  of the inclusions using a non-reactive  compound pointed to the additional 
effect caused by the exotherm ic reaction  in prom oting the reactions o r  in helping the 
detachm ent of inclusions into the m ain body of the ingot. In fac t, confirm ation of these 
suggested m echanism s was obtained from  experim ental w ork in which s lag  and exo­
therm ic compounds w ere s t ir re d  into a  labora to ry  m elt. Samples taken from  the m elt 
showed the p resence  of the sp inel-calcium  s ilica te  inclusions.
The use of oxidic m a te ria ls  to help in prom oting good su rfaces and adequate
feeding in ingots may be expected to lead to som e complex inclusions from  tim e to 
tim e . F o r exam ple, i t  is  known that a  mould flux can re a c t with an exotherm ic feeder 
head compound and im pair i ts  perform ance and the reaction  products could then be 
en trained  in  the ingot. F u r th e r reactions could a lso  be envisaged with the feeder head 
t i le s , giving very  com plex oxide inc lu sions. P ickering  has concluded, th e re fo re , that 
in fu tu re , i t  will be n ecessa ry  fo r such m a te ria ls  as mould fluxes, feeder head com ­
pounds and tiles to be m utually com patible so as not to im pair each o thers perform ance 
and m oreover so as not to form  exogenous inclusions which m ight be detrim en ta l to the 
quality  of the s tee l.
On the b asis  of the steelm aking tr ia ls  c a rrie d  out, P ickering  e t a l attem pted to 
a s s e s s  the detrim ental na tu re  of d ifferen t types of inclusions. In g en era l, i t  is  the 
very  large  inclusions which provide the g re a te s t quality control p ro b le m s , p a rtic u la rly  
if they occur in seg reg a te s . The re la tiv e  average volum es of the various types of 
inclusions can be taken as  an index of th e ir likely deleterious n a tu re , and the data 
obtained by P ickering  e t a l is  shown in Table 2 .8 . These figures show tha t i t  is  the 
p rim ary  s ilica te  deoxidation products and the erosion  products which a re  likely  to 
cause the m ost p ro b lem s. Steps can be taken to elim inate deoxidation s ilic a te s  by 
varying the deoxidation p ra c t ic e , bu t, as P ickering  pointed out, m ore e ffo rt is  req u ired  
to elim inate re fra c to ry  e rosion  p ro d u c ts .
Several o ther investigato rs have studied the orig in  of inclusions during s te e l-  
m aking, although not quite in such a com prehensive m anner as P ickering  e t a l. T hus, 
befo re  going on to consider in g re a te r  detail the form ation of inclusions as  a  re s u lt  of 
a tm ospheric  reoxidation and re fra c to ry  e rosion , the m ain conclusions of these o th e r 
studies a re  d iscu ssed , with p a rtic u la r  re fe ren ce  to the use of rad ioactive  iso topes to 
label inclusion so u rc e s .
L e a c h ( H 3 )  discussed  the general approach to the production of high quality  
alloy and s ta in less  s tee ls  made in large e lec tr ic  a rc  fu rn aces . The im portance of
c o r re c t deoxidation p rac tice  was em phasised , and methods of employing aluminium 
trea tm en t and vacuum degassing to b e s t effect w ere d iscussed . The various difficul­
tie s  which inclusions can give r is e  to in s ta in less  s tee l plate  and sh ee t w ere desc rib ed , 
together with rem ed ial actions taken as a  re su lt  of investigations of inclusions p re sen t 
a t  various stages of steelm aking by a bomb sam pling technique s im ila r  to tha t used by 
P ickering  e t a l.
Konig and E rn s t(4) c a rr ie d  out a detailed  investigation of the com position and 
orig in  of oxide inclusions in liquid s tee l. The form ation of inclusions and the su b se­
quent changes in th e ir chem ical com position w ere d iscussed  in te rm s  of.—
(i) The physical s ta te  of the inclusions (solid/liquid)
(ii) contact and coalescence with o ther inclusions
(iii) reac tion  with the liquid s tee l (to approach chem ical equilibrium )
(iv) holding tim e  a t reaction  tem p era tu res ; the m elt tem pera tu re ; 
the inclusions size
(v) reac tions with re fra c to ry  m ate ria l and with s lag
(vi) a tm ospheric  oxidation.
In g en era l, th e ir  m ain conclusions w ere very  s im ila r  to those of P ickering  e t al 
and o ther w orkers .
F rank lin , Rule and Widdowson(Sl) studied the effect of various deoxidation 
techniques on the oxygen contents and types of oxide inclusions in single s lag  m elts  of 
0.2% C s tee l made in a  b asic  e lec tr ic  a rc  fu rn ace . F urnace and ladle deoxidation was 
investigated using fe rro -s il ic o n , fe rro -m an g an ese , ferro -alum in ium , silicon-m anganese 
and alum inium  deoxidants. One tonne heats w ere made and experim ental w ork was 
based on vacuum fusion oxygen analyses and e lec tron  probe m icroanalyses of inc lusions. 
T heir re su lts  showed that sho rtly  a fte r m elt-o u t, re s id u a l deoxidation p roducts in tro ­
duced by the charge m a te ria ls  w ere p re se n t. The p e rs is te n c e  of such oxide inclusions 
coincided with abnorm ally high bath oxygen conten ts. The carbon-oxygen product 
decreased  during refin ing as the res id u a l deoxidation products w ere rem oved until a
value of approxim ately 250 ppm oxygen was reached a t 0 . 2 % C, corresponding to a 
product of 0.005. B efore deoxidation, the s tee l was v irtually  free  from  inclusions.
Silicon-m anganese deoxidation in the ladle was the leas t efficient method of 
oxygen rem o v a l, there  being a drop of 40 ppm in oxygen in the ladle and a fu rth e r drop 
of 50 ppm in the ingot, so tha t final ingot average oxygen levels w ere about 150 ppm . 
The sam e deoxidation in the furnace produced a much c lean er s te e l, m ainly because 
during the 10-15 min taken fo r deoxidation, sam pling, and tapping, there  was a gradual 
fa ll of 150 ppm in oxygen to a  ladle level of 100 ppm . A subsequent fu rth e r drop on 
teem ing and ingot solidification m eant that m ean ingot oxygen levels of 80 ppm w ere 
obtained.
Aluminium deoxidation was the m ost efficient fo r oxygen re m o v a l, a  rapid  drop 
of 1 0 0  ppm in oxygen content being obtained within 1  o r 2  m in of the alum inium  addition, 
w hether in furnace o r  lad le . F u r th e r  gradual decrease  in oxygen content occu rred  
when silicon  and m anganese w ere added. Addition of alum inium  in the furnace o r lad le  
produced average ingot oxygen contents of about 30 ppm .
The com position of inclusions in the deoxidised s tee l depended en tire ly  on the 
alloys added. F e rro -s ilic o n  containing 1.8% Al re su lted  in  oxide inclusions containing 
up to 40% AI2 O3 . Sm all am ounts of CaO (3%) and T i02 (1%) w ere tra ced  to calcium  in 
the fe rro -s il ic o n , and titanium  in the fe rro -m anganese  and s ilico -m anganese . The 
authors found fit unnecessary  to assum e that any of the constituents of the inclusions in 
the s tee l originated in re fra c to r ie s  o r furnace s lag s .
Aluminium added e ith e r as alum inium  s tick , fe rro -a llo y , o r  a s  a  tra c e  elem ent 
in the fe rro -s il ic o n , was always a  m ajor constituent of the inc lusions. The balance of 
Si0 2  and MnO depended on the o rig inal oxygen content of the bath com bined with the 
reco v ery  of the fe r ro -a llo y s . The range of com positions tended to lie  on a tie - lin e  
connecting pure  alum ina with the low m elting-poin t region of the A ^O s-S iC ^-M nO  
te rn a ry  d iag ram , between sp e ssa r tite  and rhodonite.
L u n n e r ( H 4 , 1 1 5 )  examined the occurrence  of m acro -inc lu sions (la rg e r than
about 30 jim ) in non-stab ilised  austen itic  s ta in less  s tee l made in e lec tric  a rc  furnaces 
by sam pling the liquid s tee l a t different stages of the steelm aking , tapping and teem ing 
p ro c e s s e s . The com positions of the inclusions observed during these p ro ce sses  a re  
given in Table 2 .9 . It was found tha t the frequency of la rg e  inclusions was re la tive ly  
low in the fu rnace, increased  som ewhat in the lad le , and was highest in the ingot mould.
When the m elt was tapped into the la d le , i t  was found tha t the num ber of m acro ­
inclusions had m arkedly  in c re a se d . This was a re su lt  of the en tra inm ent of furnace 
slag  and oxidation by a ir  during tapping of the m elt. The tim e during which the m elt 
was held in the ladle was found to have a favourable effect on the separa tion  of the 
la rg e r  inclusions. Slag p a rtic le s  g re a te r  than 50 jxm w ere effectively separa ted .
Ingots which w ere teem ed la te  in the casting  period contained m ore m acro ­
inclusions than those teem ed a t an e a r l ie r  s tage . This was a ttribu ted  to the growth 
of slag  inclusions p re sen t in the ladle as a re su lt of coalescence and a lso , possib ly , 
reoxidation.
Lunner a lso  observed the following trends when com paring d ire c t and uph ill- 
teem ed ingots —
(i) uphill-teem ed ingots contained few er m acro-inclusions
(ii) m icro -inclusions w ere m ainly p re sen t in the top p a r t of 
uphill-teem ed ingots
(iii) uphill-teem ed s tee l had an insignificantly low er to tal inclusion 
content throughout
(iv) co arse  inclusions which w ere p re se n t w ere m ore uniform ly d is t r i ­
buted throughout the uphill-teem ed ingots w hereas in the d ire c t-  
teem ed ones, they w ere m ainly located in the bottom  cone 
reg ion .
The effect of argon bubbling on the separation  of s lag  p a rtic le s  was a lso  s tu d ied , 
although only on two c a s ts . Argon bubbling in the furnace before tapping re su lted  in a 
m arked reduction in the num ber and size of the spherica l s ilica te  inc lusions.
However, with argon bubbling in the lad le , c a rried  out on alum inium -killed s te e ls , no 
significant rem oval of inclusions was observed. Lunnor suggested that in this case , 
the alum inate p a rtic le s  w ere already  too sm all to be effectively separa ted  by the 
bubb les , and also that argon bubbles adhere to s ilica te s  m ore effectively than to 
a lu m in a tes .
W ah lste r, Choudhury and R o h d e ( H 6 , 1 1 7 )  investigated the orig in  of inclusions 
in stee l containing 1 . 0 - 1 . 2% Mn . Liquid m etal sam ples w ere taken by a bomb sam pling 
technique from  5 t and 1 0 0  t  m e lts . F igure  2.78 shows the influence of the am ount of 
the deoxid iser addition on the com position of the p rim ary  deoxidation p roducts in the 
lad le . In each c a se , alum inium  was added together with calcium  a lloys. With in c re a ­
sing alum inium  addition, the AI2 O3  content of the p rim ary  inclusions in c reased  and 
a fte r an alum inium  addition of 0 . 7 - 1 . 1  k g /t ,  they com prised calcium  alum inates with 
little  o r  no SiC> 2 p re sen t. F igure  2.79 shows that the com position of p r im a ry  oxide 
inclusions was shifted tow ards higher SiC> 2  contents during teem ing. The reaso n s  
given by the au thors fo r  this growing SiC> 2 content w ere the tem peratu re-dependence 
of the silicon-oxygen reaction  in s te e l, the rap id  separa tion  of alum ina inclusions 
containing CaO, and reaction  between the s tee l and the fireb rick  lining of the lad le .
F igure 2 .8 0 , a lso  taken from  the work of W ahlster e t a l , illu s tra te s  the 
influence of d ifferen t p ro ce sses  on the solubility  product of alum inium  and oxygen.
The value of 10"9 a t 1600°C obtained in norm al technical m elts  (e lec tric  a rc  fu rn ace , 
b lack slag) is taken as s tandard . This value, which the authors consider is  b e tte r  
defined as a c h a ra c te ris tic  num ber fo r inclusion separa tion , can be low ered by the 
application of certa in  m eta llu rg ical m easu res such as  vacuum trea tm en t, argon 
s tir r in g , flu o rsp ar 'bom bs’ and calcium  trea tm e n t, with b e s t re su lts  obtained by 
using unsaturated  refin ing  s lag s . In the e le c tro -s la g  rem elting  p ro c e ss  o r  by using 
Ca0 -A l2 0 3  slags in labora to ry  m elts a t 1600°C, the therm odynam ic equ ilib rium  value 
fo r [% Al] 2  [(% O] 2  has been achieved.
A ccording to W ahlster e t a l ,  application of calcium  during deoxidation with 
alum inium  and silicon has proved to be a m ost effective m easure  in achieving favourable 
inclusion content and com position. F rom  the fac t that exogenous inclusions a re  form ed 
as a  re su lt of chem ical reaction  between liquid s tee l and fireb rick , they a lso  concluded 
tha t in this c ase , im provem ents in stee l cleanness can only be achieved by using b e tte r  
quality re fra c to rie s  such as h igher alum ina f ire b rick , dolomite o r m agnesite .
Kohn e t a l (118,119) studied the orig in  of alum inous inclusions in  e lec tr ic  a rc  
s tee ls  using radioactive cerium  as a  tra c e r  with the alum inium . The s tee l was m ade 
in a  40 t furnace by a  double s lag  p rac tice  and the average com position was 0.15% C, 
0.35% Si, 0.75% Mn, 0.007% S, 0.012% P , 1.30% N i, 1.04% C r, 0.10% Mo and 
0.025% Al. Four heats w ere made and details of the deoxidants used a re  given in 
Table 2 .1 0 . In heats  A and C, the alum inium  addition to the furnace was labelled 
with cerium . In heat B , the alum inium  added to the ladle was labelled and in h ea t D, 
the ladle s lag  was labelled by m eans of a  sm all amount of sin tered  oxide m ix tu re  
having the composition 31% SiC>2 , 35% CaO, 16.7% A ^O g , 4.2% C aF 2  and 12.5%  Ce0 2  
(rad io-active). In each c a s t, half of the m etal in the ladle was teem ed into a  continuous 
casting  m achine, w hilst the o ther half was teem ed into ingots (d irect and uphill). The 
re su lts  of activ ity  m easurem ents on slag  and scum  sam ples a re  shown in Table 2 .1 1 .
The m ain conclusion of this investigation was that the inclusions p re sen t in the 
alum inium -deoxidised s tee ls  w ere not pu re  alum ina c ry s ta ls  but w ere in fac t a lum inates 
containing m agnesia o r  l im e .
Kohn e t a l proposed tha t on adding the alum inium , alum ina inclusions w ere 
form ed in itia lly  but these w ere rapidly  e lim inated . The deoxidation p roducts su b se­
quently form ed, as a re su lt of reoxidation of the m e ta l, w ere com plex a lum inates.
These alum inate inclusions w ere p rec ip ita ted  d irec tly  by the sim ultaneous oxidation 
of alum inium , m agnesium , calcium  and radioactive cerium  p re sen t in solution in the 
liquid m eta l. It was calculated tha t 0.05% oxygen re q u ire s  0.055% A l, 0.007% Mg 
and 0.012% Ca to fix  the whole of this oxygen, half as MgO.AlgOg and half as  CaO.AlgOg
Although the vapour p re s su re s  of calcium  and m agnesium  a re  very  high a t 1600°C, 
these w orkers consider that i t  is  reasonab le  to assum e that about 0.01% Mg and 
0. 01% Ca can ex ist in solution in the liquid s tee l.
A ccording to Kohn e t a l, the calcium  probably originated from  the calcium  -  
silicon  addition, Table 2 .1 0 , and the m agnesium  possibly from  the fe rro -a llo y s  and 
from  the calc ium -silicon  alloys in which it was found as im purity  (about 2% M g). It 
m ight also  have form ed by the reduction of MgO p re sen t in the furnace lining o r by 
introduction into the s lag  as a  re su lt  of re fra c to ry  erosion . The therm odynam ic 
data show that the alum inates have a high stab ility  and that they can be form ed in 
liquid s tee l containing alum inium , calcium  and m agnesium  when the s te e l is  reox id ised .
A white powder was deposited on the in te rio r  of the tundish nozzles during 
continuous casting  and radiographic analysis  showed that i t  was com posed of MgO.AlgOg, 
Ca0 . 2 Al2 0 3  and CaO.eAlgOg together with tra c e s  of alum ina. Chem ical analysis 
gave 62-67% A1 2 C>3 , 9-11% MgO, 12.5% CaO and le ss  than 3% S i02 . As th is deposit 
was composed of c ry s ta ls  of the sam e natu re  as the inclusions p re se n t in the m e ta l, 
it was concluded that the deposit was produced as a re su lt  of the poor w etting of the 
alum inous inclusions by liquid s tee l according to the m echanism  of Kozakevitch e t al 
d iscussed  previously . If such a m echanism  is assum ed, the inclusions which come 
into contact with the nozzle wall rem ain  attached to i t  and accum ulate , one on the 
o ther to form  a powdery deposit. This phenomenon is  re la ted  to the high su rface  a rea : 
volume ra tio  of the liquid s tre am  flowing through the nozzle . It m ay even be in tensified  
by the b reak  in the m etal s tre am  caused by opening and closing the s to p p er. The 
cu rre n t theories on nozzle blockage a re  d iscussed  in m ore detail in section  2 .4 .3 .
Two types of alum inate c lu s te r w ere observed in the finished p ro d u c t, those 
containing le ss  than ten p a rtic le s  and those with sev e ra l hundreds. It was considered  
tha t the sm all c lu s te rs  form ed in  the mould as a re su lt  of co llisions w hilst the la rg e r  
g roups, consisting of too many inclusions to have form ed by random  encounter of 
inclusions during flotation, w ere a lready  agglom erated when they en tered  the mould
and o riginated from  the nozzle deposit which period ically  becam e detached from  the 
wall by the flow of m eta l.
The tr ia ls  also showed that a significant proportion of the alum inate inclusions 
escaped from  the liquid m etal into the ladle s lag  and ingot scum . However, a certa in  
num ber w ere not e lim inated , e ith e r because they w ere impeded by the various c u rre n ts , 
especially  convection c u rre n ts  p re se n t in the ladle o r ingot, o r because they acted as 
nuclei fo r the precip ita tion  of iron  c ry s ta ls  during cooling in the ingot.
Kohn e t a l concluded tha t the p resence  of these aluminous inclusion c lu s te rs  
in basic  e lec tric  a rc  s tee ls  killed with alum inium  is inherent to the trad itional method 
of casting , even when the production of the s tee l in the furnace is  conducted with g re a t 
c a re . In o rd e r to m inim ise th e ir o ccu rren ce , i t  would be n ecessa ry  to p reven t re o x i­
dation during casting  (by casting  under vacuum o r  in a pro tective  a tm osphere) and to 
prom ote the elim ination of inclusions in the lad le .
E r ic s s o n ^ 2®) studied the effect of tapping and teem ing p ra c tic e s  on the m acro ­
inclusion content of e lec tric  a r c , open-hearth  and Kaldo s tee ls  using a rad ioactive 
t r a c e r  technique. F our m ain types of s tee l w ere studied, these being low carbon 
(~0.1% ), low carbon (~0.15%) with 1 .0 -1 .5%  Mn, low alloy (0.25% C, 1.0% C r,
0.25% Mo o r 0.20% C, 0.7% C r, 1.5% Ni) and 18-8 s ta in le ss . It was concluded that 
with open-hearth  s te e l , furnace slag  is  unlikely to contribute to the inclusions in the 
ingot. H owever, th is is  apparently  not the case  with Kaldo and e le c tr ic  a rc  s tee ls  
w here slag -based  inclusions can be a  problem . It seem s likely tha t the d ifference 
lie s  in the fac t that during tapping from  the furnace into the la d le , th e re  is  a  much 
m ore powerful mixing of s lag  with stee l in the case of Kaldo and e le c tr ic  a rc  fu rnaces 
com pared with open hearth  fu rnaces. An instance was quoted in which non-m eta llic  
iso la tes  from  6  t  ingots of a rc  furnace s tee l w ere found to contain 4-5% of ladle s lag . 
This observation is in agreem ent with tha t of P ickering  e t al d iscussed  p rev iously .
It was also  observed that a fte r labelling  the furnace slag  in one c a s t ,  s ign ificant 
activ ities  w ere obtained in  the following, unactivated c a s t in the sam e lad le . The
activ ity  was also  apparent in the next cas t as w ell. This effect was a ttribu ted  to the 
ladle s lag  adhering to the re frac to ry  lining as the s lag  cover moves slowly down the 
wall of the ladle during teem ing. In the next h ea t, this s la g /re f ra c to ry  glaze can 
re a c t with oxide an d /o r alloying e lem ents in the s tee l. This m echanism  has been 
described  by Konig e t al(4) and by Sim s(2). Cox and C h a r l e s (121,122) detected K2 O 
in addition to CaO in a  num ber of inclusions and since the K2 O m ust have come from  
alum ino-silica te  re f ra c to r ie s , i t  was concluded that they resu lted  from  a reaction  
between the ladle s lag  and lining.
By m eans of studies on step-down testp ieces and p late  te s tp iec e s , E ric sso n  
found that high teem ing tem p era tu res  resu lted  in s tee l which was le ss  contam inated 
by m acro-inclusions com pared with low teem ing tem pera tu res  and suggested that the 
highest possib le  teem ing tem pera tu res  should be aim ed fo r. A ccording to E r ic s so n , 
th is re su lts  in the c leanest s tee l in te rm s  of m acro -inc lu sions, even if  the a ttack  on 
re fra c to rie s  is  in tensified , because separa tion  of the la rg e  inclusions from  the s tee l 
is  considerably  im proved. B ruch e t al(HO) consider that hot teem ing is  especia lly  
im portan t fo r fully alum inium -killed s te e ls . These conclusions should not be taken 
too lite ra lly  as th e re  is  sufficient evidence available to indicate tha t in som e c ircu m ­
stances the opposite effect is  tru e , i . e .  that increased  teem ing tem p e ra tu re s  re su lt  
in a  d ir t ie r  s tee l because of increased  re fra c to ry  erosion . In addition, th e re  a re  
o ther p rob lem s associated  with reoxidation and dissolved gases to be considered .
In te s ts  that w ere c a rrie d  out a t the A zovstal' W orks in the U .S .S .R . , 
stron tium -89  was introduced into the s lag  on a 350 t open-hearth  furnace c a s t a t  the 
s ta r t  of the refin ing p e r io d ^ H ) . The s tee l produced was ro lled  to r a i l  section  which 
was sam pled both by m easurem ent of the in tensity  of rad ioactiv ity  and by au torad io­
graphy. The p resence  of finely-divided inclusions on the autoradiographs confirm ed 
tha t open-hearth  furnace s lag  was a source of inclusions in this c a s t. In a  s im ila r  
study of ba ll-b earin g  s tee l made in 55 t e lec tric  fu rn a c e s , the re su lts  indicated  tha t
about 1 0 % of the total inclusion content had originated from  the furnace s lag .
A se r ie s  of investigations described  by R ichards on 23) included one tr ia l  in 
which la% anum -140 in the form  of oxide was added to the s lag  on a 140 t open-hearth  
rim m ing s tee l heat some 30 min before  tapping. Sampling showed that approxim ately 
uniform  activity  in the s lag  was obtained in 10 to 15 m in. M etal sam ples w ere taken 
from  the bath , ladle and ingots. None of these showed significant read io ac tiv ity , the 
amount of labelled m ate ria l in the m etal not exceeding 0 . 0 1 %.
H ousem an(iH ) considers that the possib ility  of inclusions o rig inating  from  
furnace slag  is  ra th e r  g re a te r  with e lec tr ic  a rc  steelm aking than with open-hearth  
steelm aking of s im ila r  grades of s te e l, although not to the extent of the 1 0 % reported  
previously  fo r b a ll-b earin g  s tee l. Under the action of the fo rces in the e le c tr ic  a r c ,  
the slag  may be broken down to form  droplets so sm all that they do not floa t out from  
the bath very  read ily , bu t rem ain  throughout the steelm aking and teem ing p ro c e sse s  
and even to som e extent during solidification of the ingot. Such d rop le ts  would have 
to be very  sm all, possib ly  below 1 j/m  according to H ousem an, though once in the 
ingot there  ex ists  the possib ility  of th e ir  com bination with o ther sm all d rop le ts  to form  
la rg e r  inclusions.
2 .4 .2  A tm ospheric Reoxidation
Until re la tiv e ly  re c en t t im e s , reoxidation and its  re la tion  to p roduct quality 
have not received  n early  the sam e am ount of attention as o ther aspec ts  of steelm aking . 
This is not m eant to im ply lack of aw areness. Tw enty-three y ears  ago, B ow er, Bain 
and L arsen  ^ 2 4) p resen ted  ra th e r  convincing c ircum stan tia l evidence to indicate  that 
reoxidation of tapping s tre am s  was the m ain source  of alloy lo sses  in open-hearth  h e a ts . 
The estim ated  additional am ount of oxides form ed in th is way was in the range of 
1 -4  k g /t .  In the course  of th e ir  re p o r t, they cited the c lass ic  w ork done by H ultgren(12^) 
in 1945 showing that la rg e  s i l ic a te s , often r ic h  in MnO, w ere p re sen t in lad le  sam ples 
of high carbon basic  e lec tric  a rc  s tee l which had been deoxidised in the fu rnace and 
which contained no la rg e  inclusions p r io r  to tapping. F u rth e rm o re , these  inclusions
w ere m ore num erous when the m etal s tream  was made to spray  in a turbulent 
m anner.
In 1 9 5 9 ,  Vingas and C a i n e ( 1 2 6 )  ascribed  the origin of m acro -inclusions in steel 
castings to reoxidation. M ore recen tly , Van Vlack and F U nn^27-*3®), jn an extensive 
investigation of the origin of ceroxides in s tee l castings deoxidised with alum inium , 
specifically  d iscussed  the ro le  of reoxidation. W hilst th e ir work was in p ro g re s s , 
Hoffmann, Bailey and Holm es(*3*) published the re su lts  of experim ents on the use of 
argon shrouding during casting  fo r im proving s tee l quality. They used the teem ing 
s tre am  p ro tec to r shown in F ig . 2 . 8 1  for d istributing  argon around the m etal s tre am  
and providing a m echanical b a r r ie r  between the argon and a i r .  An in e r t argon a tm os­
phere  was a lso  estab lished  in the mould cavity p r io r  to teem ing. In th e ir  te s ts ,  
com plete argon shrouding resu lted  in a  3 0 - 6 5 %  d ecrease  in oxide inc lu sions, a  3 - 2 4 %  
decrease  in su rface  grinding lo sses  and a re ten tion  of the effects of vacuum trea tm en t.
In an a ttem pt to decrease  the reoxidation during tapping from  the fu rnace , 
E r i c s s o n (120) used a "subm erged nozzle" technique which reduced the height of fa ll 
of the tapping s tream  of 18-8 sta in less  s tee l m elted in a 6  t  b asic  H .F . furnace from  
1-2 m to 0 .1 -0 .2  m . The effect was followed by analysing fo r n itrogen  and to tal oxygen 
and the re su lts  a re  given in Table 2 .12 . D uring norm al tapping, a  m ore  extensive 
reaction  took place with the a ir  as shown by the nitrogen contents. A ssum ing that the 
reaction  with oxygen was equally as s tro n g , the re su lts  indicate tha t oxygen in the form  
of inclusions was elim inated during tapping. This elim ination a lso  p roceeded during 
holding in the lad le .
A dilstam  and D obeln(l32) studied the reoxidation of carbon , low alloy and 
13% C r s tee ls  during teem ing and showed tha t a considerable quantity of m a cro ­
inclusions w ere form ed by a i r  oxidation, Table 2 .13 .
In a  fu r th e r  s e r ie s  of experim ents by E ric sso n , pro tection  ag ainst a tm ospheric  
reoxidation during teem ing was achieved by pouring the stee l through a tube of about 
275 mm d iam eter which was connected to the ladle by a g as-tig h t sea l and which had
its  outlet about 100 mm above the bottom of the ingot mould. Im m ediately before and 
also  during teem ing, argon was blown into the tube a t a ra te  of about 250 l i t r e / t  of 
s tee l. In this way, an in e r t a tm osphere was obtained around the m etal s tre am  as 
shown by continuous gas an aly sis . At the sam e tim e, the ingot scum  which form ed 
on the surface of the ris in g  m etal in the mould was prevented from  being entrained  into 
the liquid stee l by the teem ing s tre am . In experim ents on carbon s tee l (0.2% C,
0.75% Mn and 0.25% Si), the quantity of co arse  inclusions over 25 f im  d ecreased  
slightly in the bottom  p a r t  of the ingot, but not to the sam e extent as in the re la ted  
experim ents of A dilstam  e t a l, Table 2 .1 3 . In the case of sm alle r inclusions, no effect 
was observed and the total oxygen content of the stee l had not changed significantly  as a 
re su lt  of shielded teem ing. A very  sm all decrease  in the nitrogen content (0. 001%) was 
confirm ed.
The principal d ifference in the methods of teem ing in an in e r t a tm osphere  used 
by A dilstam  e t al and by E ricsson  was that in the fo rm er case , even the su rface  of the 
s tee l in the mould was com pletely shielded from  oxidation. Since th is technique gave a 
considerably g re a te r  reduction in the content of m acro-inclusions in the ingot, i t  seem s 
that a tm ospheric reoxidation of the surface of the m etal in the mould could make an 
essen tia l contribution to the m acro-inclusion  content. One way to avoid th is problem  
without having reco u rse  to com plicated teem ing in a pro tective gas a tm o sp h ere , ought 
to be uphill-teem ing with a  suitable mould additive .
Radioisotopes have been used to study the phenomena of reoxidation of b a ll­
bearing  s t e e l^ * ^ .  The stee l was made in e lec tr ic  fu rn aces , but the re s u lts  a re  c lea rly  
applicable to open-hearth  p ra c tic e . The isotopes used w ere zirconium -95 and 
tantalum -192. Zirconium  is  fa irly  s im ila r  in behaviour to alum inium  since both have 
a high affinity fo r oxygen and form  an oxide that is solid a t steelm aking tem p e ra tu re s . 
Tantalum  somewhat resem b les  m anganese in its  oxidation behaviour so tha t between 
them these two isotopes can be used to obtain inform ation applicable to both types of 
deoxidation p ra c tice . In each case the isotope was introduced into the deoxidised bath
and d istribu ted  by carefu l m ixing. Slag and m etal sam ples w ere taken from  the bath 
and the ladle and fu rth e r m etal sam ples from  the f ir s t  th ree  ingots a fte r ro llin g . The 
inclusions w ere  ex tracted  e lec tro ly tica lly  and the rad ioactiv ity  of both the ex tracted  
inclusions and the e lec tro ly te  was de term in ed . Both w ere rad ioactive showing that, 
while som e of the zirconium  had been oxidised and form ed inclusions, som e had 
rem ained  unoxidised in the s te e l. The re su lts  showed that there  was a  d e c rea se  in 
the specific  activ ity  of the m etal as zirconium  was rem oved by oxidation. The m ost 
rap id  rem oval took place during tapping. T here  was a  corresponding r is e  in the 
specific activ ity  of the ex tracted  inc lusions. In th is c ase , how ever, the re su lts  w ere 
le ss  consisten t, possibly  because the inclusions w ere complex aggregates so that the 
balance of non-active m a te ria l in each sam ple was highly v a r ia b le ^ * ^ .  N ev erth e less , 
the general teiidency was tow ards a  r is e  in specific  activ ity  as teem ing p ro g re sse d .
Kionig e t al(^) consider that the re la tiv e  im portance of a tm ospheric  reoxidation 
during  teem ing in contributing to the to ta l inclusion content should not be under­
estim ated . Of the inclusions p re se n t in an ingot, 30-60%, depending on the type of 
s te e l , come from  reoxidation of the m etal s tre a m . Changing from  covered to open 
teem ing can double the oxygen content. C onversely , the oxygen content can be m arkedly  
decreased  (30-60%) by pouring under a p ro tec tive  g as. A ccording to these  investigations, 
the m ean com position of the inclusions form ed by a tm ospheric reoxidation  of the 
teem ing s tre am  differs from  that of the ladle deoxidation products because the com posi­
tion of the teem ing s tream  is  not usually  the sam e as that of the ladle m eta l during 
deoxidation. If the amount of p r im ary  deoxidant a t the su rface  of the m eta l s tre a m  is  
insufficient to bind com pletely the oxygen, increased  am ounts of o ther oxides such as 
FeO and MnO will be p re sen t in the oxides(*33>134). H ow ever, the m ixing of the s tee l 
in the ingot o r tundish a s s is ts  the approach to equilibrium  and the (FeMn)O is  su b se­
quently reduced by the s tro n g e r deoxidising e lem en ts.
A p ro cess  of special in te re s t from  the standpoint of reoxidation is  continuous 
c a s tin g ^ 34,138). up  p 0 int w here m olten s tee l is  introduced into the tundish ,
the p ro cess  is  s im ila r  to conventional ingot p rac tice  with regard  to reoxidation. 
H ow ever, the surface;volum e ra tio  existing in the tundish-to-m ould s tream (s) re su lts  
in an unusually high degree of additional exposure of stee l to the a tm osphere . F u r th e r­
m o re , the reoxidation p roducts , which can norm ally  float to the surface  in ingots, m ay 
be driven back down into the liquid core by the tundish-to-m ould s tre am .
L ittle , Van Oosten and M c L e a n 37) studied the fac to rs  influencing reoxidation 
of molten s tee l during continuous casting  and showed that the reoxidation products 
could be a m ajor source of inclusions in the finished product. They concluded tha t when 
s tee l is teem ed in the conventional m anner, reoxidation can occur by d ire c t contact of 
a i r  with the s tre am  and the m olten pool su rface . In addition, im m ediately  the s tee l 
leaves the nozzle , boundary lay er attachm ent occurs and a continuous supply of a i r ,  
en tra ined  by the s tre am , is  c a rr ie d  down into the m etal pool. This en tra ined  a ir  is 
a m ajo r cause of m etal reoxidation. The extent of th is reoxidation depends on a 
num ber of fa c to rs , e .g .  tem peratu re  and chem istry  of the s te e l, the physical na tu re  
of the s tre am  and the oxygen potential of its  su rroundings, the c h a rac te r  of the gas 
boundary la y e r , and the duration and to tal a re a  of exposure of m olten s tee l to the 
a tm o sp h ere . A good indication of s tream  quality is the amount of sp lash ing  o r spark ing  
which occurs when the s tream  en ters  the tundish o r mould. The effect observed  by 
L ittle  e t a l when rough and smooth ladle s tream s en te r a tundish a re  shown in F ig . 2 .8 2 . 
In gen era l, a  rough o r* irregu lar s tre am  is accom panied by m ore sp lash ing , m ore fume 
and g re a te r  d isturbance in the liquid pool than would be the case with a  sm ooth s tre a m . 
While s tre am  roughness is difficult to define quantitatively, i t  does have a s tro n g  
bearing  on the question of reoxidation. Not only does i t  in c rease  the su rface  a re a  of 
the s tream  exposed to the a i r ,  i t  a lso  in c reases  the am ount of a i r  en tra ined  by the 
s tre am  and c a rrie d  down into the m etal pool. This in turn  has a s tro n g  influence on 
the flow pa tte rn s  and the behaviour of inclusions in the pool, and consequently on the 
c leanness of the final product.
Three se ts  of consecutive fram es taken by L ittle  e t a l from  a high speed film
of a ladle s tream  a re  shown in F ig . 2 .8 3 . Within each sequence the tim e in terval 
between fram es is 1/2000 s . The s tream  appearance approxim ately 5, 20 and 35 min 
a f te r  the s ta r t  of teem ing is shown on the le ft, cen tre  and righ t fram e resp ec tiv e ly . 
P a rticu la rly  evident from  these photographs is  the in c rease  in s tre am  d iam eter with 
tim e caused by nozzle e ro sio n , accompanied by a p ro g ressiv e  d ecrease  in both s tream  
roughness and s tre am  fla ring . All of these fac to rs  tend to produce a d ecrease  in the 
extent of reoxidation. Reoxidation w ill in c rease  with duration of s tre am  exposure and 
th is will vary  with s tream  length and velocity. F igure 2 .84  shows the change in 
ch a rac te r  of a  ladle s tream  as the stopper rod is lowered a t the end of a  teem ing 
period . The s tre am  f i r s t  becom es highly ir re g u la r , a i r  en trainm ent is  g rea tly  in c re ased , 
and this is accompanied by splashing and fume form ation. The s tre am  becom es th inner 
and finally  degenerates into a  s e r ie s  of d ro p le ts . The surface.*volume ra tio  of the m etal 
exposed to the a tm osphere is  now a m axim um , conditions for d ire c t oxidation of the 
m etal a re  optim ised and excessive fuming is  observed . S im ilar effects a re  apparen t 
when the stopper rod is  ra ised  a t the com m encem ent of the teem ing p e rio d , and h e re  
again conditions a re  favourable fo r reoxidation. Thus, during the teem ing of a  h ea t, 
the amount of reoxidation which occurs would be dim inished if a smooth ladle s tre am  
could be m aintained without in terruption  until the casting  operation was com plete.
The exten t of oxygen pick-up is  difficult to e stim ate  as i t  depends very  much 
on the flow conditions and the type of teem ing p ra c tic e . Turkdogan(lO) dem onstrated  
the effect of increasing  the free -fa ll height of a w a ter s tream  on the am ount of en tra ined  
a ir  bubbles in a  column of w a te r . The la t te r  increased  with increasing  f re e -fa ll  height 
a n d "ro p in ess f,of the s tre a m . F o r zero  fall (glass tube im m ersed  in w ater) no bubbles 
w ere observed . This is one of the situations p e rtin en t to teem ing liquid s tee l as in 
many continuous casting opera tions, the liquid pool is  covered with a low m elting 
silica te  and the s tee l is  poured into the mould below the s lag  cover using a subm erged 
nozzle . This is one of the methods used in the continuous casting  of a lum inium -killed  
s tee ls  to su p p ress  oxidation which m ay lead to poor su rface  quality.
Kenney(138) examined the effects of reoxidation during continuous casting.
The s im ila ritie s  and differences between ingot casting and continuous casting w ere 
d iscussed . It was concluded tha t, because of the rapid ra te  of solidification associated  
with the la tte r  p ro c e ss , en trapm ent of reoxidation products can be a  m ajo r problem . 
When an argon shroud was used to exclude oxygen from  the tundish s tre am , this 
resu lted  in very  substantial reductions in both the size  and num ber of inclusions in 
the continuously cas t b i l le ts . The products ro lled  from  the cas t b ille ts  consistently  
showed inclusion ra tings which w ere equivalent to the b e s t ra tings observed in high 
quality products from  conventional ingot casting .
In 1970, F a r r e l l ,  B ilek and H ilty(-^9) c a rrie d  out a s e r ie s  of labo ra to ry  
experim ents on fully-killed  carbon s tee ls  to study the types of inclusions originating 
from  reoxidation of liquid s te e l. T heir re su lts  showed tha t inclusions resu ltin g  from  
reoxidation of pouring s tre am s during the casting  of s tee l can be  identified and d iffe r­
entiated from  norm al deoxidation products on the b asis  of size  and com position. In 
g en era l, reoxidation products a re  usually very  much la rg e r  than deoxidation p roducts 
and tend to be r ic h e r  in the w eaker oxide-form ing e lem en ts , e .g .  silicon  and m anganese, 
than the indigenous inclusions. The growth of these two inclusion types is  shown 
schem atically  in F ig . 2 .85 fo r a s tee l deoxidised with silicon  and m anganese and con­
taining only a  residual amount of alum inium  (< 0 .01%). T heir com position is  a  d ire c t 
function of the com position of the molten s tee l and the am ount of exposure to an oxidising 
atm osphere during teem ing. In s tee ls  containing an excess of strong  oxide-form ing 
elem ents such as zirconium  and alum inium , sev e ra l types of reoxidation p roducts m ay 
occur depending on the am ount of exposure to the a tm osphere . This is illu s tra ted  
schem atically  in F ig . 2.86 fo r a  fu lly-killed s tee l containing silicon and m anganese 
together with sufficient alum inium  (> 0 . 0 1 %) to control deoxidation.
Application of the sam e experim ental technique to com m ercial s te e ls  showed 
that a  m ajo r source of inclusions causing defects in both wrought and c a s t s te e ls  was
reoxidation of the m olten m etal during teem ing. F a rre ll  e t al concluded, th e re fo re , 
that reoxidation of stee l may be m ore serious than has been considered prev iously . 
Reoxidation can com pletely m ask  the beneficial effects of otherw ise excellen t furnace 
p rac tice  and deoxidation tre a tm e n ts . Steels containing sufficient alum inium  for this 
elem ent to be in control of deoxidation, e .g .  m ost fine-grained  s te e ls , should contain 
no s ilica te  inclusions. The p resen ce  of s ilica te s  in such s te e ls , excluding siliceous 
erosion  p roducts , is  d ire c t evidence fo r pouring s tream  reoxidation. Solution of the 
problem  is  m ost likely m echanical ra th e r  than chem ical in n a tu re . That i s ,  reoxidation 
products cannot be elim inated by changes in deoxidation p ra c tic e . W hilst changes in 
deoxidation m ay modify the composition of these inclusions because of a change in the 
s tee l com position, they do not p reven t them . The only rem edy is  iso lation  of the 
m etal from  contact with a ir  o r  o ther oxidising atm osphere during casting .
F a r re l l  e t al consider that the elim ination of reoxidation as a  source of 
inclusions would be a  m ajor step in im proving stee l c leanness. F u r th e rm o re , unless 
reoxidation of teem ing s tream s is p rev en ted , the full benefit conferred  by advanced 
techniques, such as vacuum trea tm en t and sophisticated deoxidants, cannot be re a lis e d .
2 .4 .3  Steel -  R efrac to ry  In teraction
E ric s so n (120) has stated  that erosion  of re fra c to rie s  is  not a  m a jo r source  of 
inc lusions, providing th e re  is  carefu l selection  of re fra c to ry  m a te ria ls  and tapping 
tem p era tu res . On the other hand, bearing  in mind the possib ility  of v a ria tions in 
m elting and casting  conditions, it is  a  fac to r which should be c losely  observed at a ll 
tim es . In support of th is , E ricsso n  quoted the w ork of Cottingham and Vincent(-^O) 
on the continuous casting  of silicon-k illed  s tee l b ille ts  fo r tube production . These 
authors concluded that it  was n ecessa ry  to study the use of h igher quality  re f ra c to r ie s  
and also  the flow of m etal during teem ing in o rd e r to m inim ise re fra c to ry  e rosion  and 
elim inate la rg e , exogenous inclusions. They suggested , for exam ple, the rep lacem en t 
of firec lay  ladle nozzles by nozzles made of zirconium  s ilic a te , m agnesite  o r  high 
alum ina m a te ria l, additionally ensuring that the a re a  around the ladle nozzle was
lined with high quality re fra c to ry  to r e s is t  erosion  in this p a rtic u la r  p a r t  of the 
la d le .
In his own investigations on re fra c to ry  e rosion , E ricsson  found considerable 
d ifferences between stee l types. F o r exam ple, h igher m anganese s tee ls  e .g .  0.15% C, 
0.3% Si and 1.2% Mn a re  known fo r th e ir strong  chem ical attack on re fra c to ry  m a te ria l 
and with such s te e ls , 25% of the m acro-inclusion  content was contam inated with 
m a te ria l from  the nozzle (20%) and the stopper (3-6%), both of these being firec la y . 
Graphite nozzles w ere found to give le ss  erosion  products than firec lay  ones. It was 
a lso  found that w ear on firec lay  nozzles was reduced by im pregnation with ta r .
The bottom  of the ladle is  subject to considerable erosion  when the s tee l flows 
out through the nozzle. This has been c lea rly  shown by model experim ents »142). 
The quality of the cem ent in the ladle bottom can therefo re  be of considerable im por­
tance from  the point of view of bottom w ear. A ccording to E ric sso n , e ro sio n  in  th is 
region can be dim inished by inserting  the nozzle so tha t i t  stands up from  the bottom  
of the lad le . It is  even b e tte r , apparently , if the nozzle is  surrounded by a wall o r  
dam  in the ladle bottom , probably because of the m ore favourable flow conditions.
E ricsso n  reported  that during uphill-teem ing of killed 0.4% C s tee l involving 
two d ifferent a lum ino-silica te  runner b rick  qualities containing 32% AI2 O3  and 17% 
AI2 O3 , the la tte r  resu lted  in few er inclusions in the stee l even though i t  spalled  m ore  
than the h igher AlgOg quality. This indicates that high abrasion  of any re fra c to ry  
m a te ria l does not n ecessa rily  im ply an in c rease  in the inclusions p re se n t in  the ingot, 
although possib le  reasons fo r the effect w ere not d iscussed .
Investigations in the USSR showed tha t, under p a rticu la rly  unfavourable con­
ditions , up to 8 % of the inclusions in the s tee l may orig inate  from  m agnesite  used 
fo r the taphole^**). P ieces of m agnesite a re  swept into the ladle by the m etal s tre a m  
during tapping. This is ce rta in ly  a  su rp ris in g  re su lt and indicative of c a re le s s  
"housekeeping’, since fo r a 350 t c a s t having a total inclusion content of 0.1%
(average value), 8 % of inclusions as re fe rre d  to above is  equivalent to the erosion  of 
about 28 kg m agnesite .
In an investigation into the possib le  contribution of ladle lining m ate ria l to the 
non-m eta llic  content of the ingot, sev era l k ilogram s of re fra c to ry  im pregnated with 
calc ium -45 solution w ere placed on the bottom of a  ladle p r io r  to tapping stee l into i t .  
A utoradiographs of ro lled  m etal sam ples showed that as much as 5% of the total inclu­
sions could a r is e  from  this so u rce . This w ork also  em phasised the im portance of 
carefu lly  cleaning loose re fra c to ry  m a te ria ls  and d ir t  from  lau n d ers, lad le s , and 
ingot m oulds.
(i) Ladle E rosion
It is  re lev an t a t th is stage to d iscuss the types of re fra c to ry  m a te ria ls  used 
fo r ladle linings as i t  w ill be shown la te r  than these can have a m arked effect on the 
na tu re  of the erosion  products p re sen t in the liquid s te e l. The local conditions a t a 
p a rtic u la r  W orks govern the s ize  and shape of a la d le , but the ladle lining is  no rm ally  
a  com prom ise between cost and the chem ical and m echanical req u irem en ts (*43).
Only in very  few instances does cost not play an im portan t p a r t and this only happens 
when the application is  so arduous that there  is no a lternative  choice of m a te ria l. In 
the m ajo rity  of c a se s , the cost effectiveness is  the c rite rio n  by which the final choice 
of lining m a te ria l and technique a re  chosen. As s tee l quality req u irem en ts  becom e 
m ore exacting, how ever, the im portance of this p a ra m e te r m ay well becom e le s s .
In certa in  cases  such as vacuum degassing , continuous casting  and a f te r -  
furnace steelm aking , ladle linings have m ore s trin gen t requ irem en ts  placed on them  
because of the h igher tapping te m p e ra tu re s , the increased  s lag  covering  fo r insulation 
purposes and the longer holding (residence) tim e s . Before d iscussing  lining d e ta ils , 
it  is n ece ssa ry  to sum m arise  how a lining w ea rs . W ear occurs by th ree  basic  
m echanism s :-
(a) Chem ical a ttack  by slag  and s t  e e l .
(b) Physical dam age by tem pe ra tu re  and ing ress of the 
slag  or stee l into the re fra c to ry  su rfa c e .
(c) M echanical dam age by therm al and physical 
s tre s s e s  being se t up in the re fra c to ry .
The s lag  layer is  generally  m ore destructive  towards the ladle lining than is 
the s tee l itse lf  and the a ttack  will be m ore pronounced the th icker the s lag  la y e r . The 
degree of co rrosion  and ra te  of chem ical reac tio n s  depend on the chem ical composition 
of the s lag  and the s te e l, the teem ing tem p e ra tu re , and the physico-chem ical compo­
sition  of the re f ra c to r ie s . O perating conditions such as standing tim e and casting  
tim e w ill a lso  affect the ra te  of co rro sio n . In addition, the re fra c to ry  working surface 
does not operate  under the sam e conditions throughout. The upper p a r t  of the r e f ra c ­
to ry  m a te ria l will be generally  m ore severe ly  attacked since it  w ill be in contact with 
fre sh  unsaturated  high tem peratu re  s lag , and w ill be in contact with s lag  fo r a  longer 
period  of tim e than the o ther p a r ts  of the re fra c to ry  lining. The co rro s io n  is  m ainly 
caused by manganous oxide, iron  oxide and lim e, which re a c t strong ly  with the s ilica  
and o ther m a te ria ls  in the re fra c to ry  lining m a te ria l. The volume of s lag  is  one of 
the m ost im portan t fac to rs  in determ in ing  the life of a  ladle lining. B asic ity  of the 
slag  is  a lso  an im portan t fac to r in controlling the ra te  of solution.
F irec lay  b rick  is  the m ost commonly used ladle lining m a te r ia l . Increasing  
the alum ina content a t low levels has been shown to in c rease  s lag -lin ing  reac tiv ity . 
However, i t  has a lso  been shown that increasing  alum ina content over 30% causes a 
reduction in reactiv ity  and a t levels over 60% the reac tiv ity  is  considerab ly  reduced .
The chem ical na tu re  of the lining is  a lso  influenced by ladle working tem p era tu re  in 
that if the ladle is  p reheated  o r the m etal is superheated  p r io r  to the m eta l being con­
tinuously c a s t , then a h igher grade alum ina re fra c to ry  m ay be req u ired  e .g .  85% AlgOg.
O ver the f ireb rick  range of com position, little  b asic  s lag  absorp tion  is  needed 
to convert the working face of the ladle b r ic k  to the wholly m olten s ta te  a t  s tee l 
teem ing te m p e ra tu re s . The controlling fac to r regard ing  the ra te  of a ttack  of the
lining has been shown to be the v iscosity  of the reaction  la y e r . The v iscosity  of the 
reaction  products in c reases  with in c rease  in s ilic a  content, thereby dim inishing the 
ladle a ttack . T herefore  the benefits of h igher AI2 O3  content in firec lays a re  only to 
be obtained by producing b rick s  of low po rosity . Owing to the low therm al conductivity 
of f ireb rick , only a very  thin lay er of the b ric k  is subject to a working tem peratu re  
n e a r  its  m elting point.
The surface  a re a  of b ric k  in contact with s lag  o r m etal is  c lea rly  one of the 
fac to rs  governing the ra te  of ladle a ttack . T herefore  an im portant fea tu re  of an 
effective b ric k  lining is  that i t  should not sh rin k , thereby developing gaps and c ra ck s . 
F o r  this reason  an expansile cem ent is  generally  p re fe rre d . It is  a lso  e sse n tia l that 
the jointing m a te ria l is a t le a s t as chem ically efficient as the b rick s  it  is  supporting, 
otherw ise the joints w ill becom e p re fe ren tia lly  eroded . Surface a re a  is a lso  governed 
by b rick  p o ro sity . The d enser the m a te ria l, the le ss  is  the a re a  exposed to a ttack . 
However, a  v e ry  dense m a te ria l may well have bad therm al shock re s is ta n c e , and 
th e re fo re  th e re  m ust be a  com prom ise between the two p ro p e rtie s . Fluid s lag  o r 
m etal may be drawn up into the b rick  pores by a cap illa rity  effect and if the ladle 
undergoes heating and cooling cy cles, solidified s lag  m ay block the p o res  and inhibit 
fu r th e r attack .
M echanical w ear of the ladle lining occurs when s tee l is tapped into the ladle 
and s trik e s  the lining. M etal turbulence occurs as the s tee l is continued to be tapped 
into the ladle and a lso  if the ladle is  bo ttom -teem ed, leading to pronounced w ear on 
the bottom  few cou rses  of brickw ork . D eskulling a lso  causes m echanical w ea r. The 
solidified m etal tends to get in between the b rickw ork  and when the skull is  rem o v ed , 
se rio u s  damage can be caused to the brickw ork . M onolithics have been used in an 
attem pt to get over this p rob lem , but there is danger of considerable e ro sio n  from  the 
m etal s tre am  on large lad le s . Due to rapid  heating , considerable th e rm al s t r e s s e s
a re  s e t up in the ladle and this can lead to spalling . M onolithics, how ever, have a 
le ss  rig id  tex ture  and a re  therefo re  able to b e tte r absorb these s tr e s s e s .
Although fireb rick  linings a re  s till extensively used^144), longer holding tim es, 
h igher teem ing tem pera tu res  and the demand fo r h igher quality s tee l have led to con­
s iderab le  in te re s t in high alum ina re fra c to rie s(* 4 5 - l47), which, how ever, have 
certa in  disadvantages. A conventional ladle lining su rface  tends to ’clean i ts e lf ’ 
w hereas high alum ina does not. The la tte r  a lso  tends to produce a solid skull and on 
rem oval of the sku ll, lining damage occurs: a lso , as a  re su lt  of the la rg e  heat 
capacity  of high alum ina re f ra c to r ie s , the m etal tends to be chilled . However, tem ­
p e ra tu re  drop and skull form ation can be lowered to acceptable lim its  by the use  of a 
fireb rick  safety  lay e r together with adequate preheating  of the la d le . Schroth and 
Bays(*4®) found that with 50% AI2 O3  b r ic k s , there  was no skulling p roblem  w hereas 
70% AI2 O3  gave m oderate skulling.
It is  well known that high alum ina re fra c to r ie s  do not expand enough to c lose 
joints and p reven t m etal penetra tion . In o rd e r to overcom e this p ro b lem , phosphate- 
bonded high alum ina m o rta r  is  used. This develops streng th  a t low p reh ea t tem p era ­
tu re s  (approx. 250°C) and becom es stro n g er with heating. It a lso  shows low p e rm e ­
ability  and appears to r e s is t  wetting by slag  and m olten m eta l.
(ii) Runner E rosion
The ru n n er b rick  assem bly  in uphill teem ing system s has long been recognised  
as  a  source of non-m eta llic  in c lu sions, which orig inate from  erosion  of the alum ino- 
s ilic a te s , p a rticu la rly  by h igher-m anganese s te e ls . Such erosion  products a re  very  
read ily  observed in s ilicon-k illed  s te e ls , bu t they a re  not so read ily  observed  in 
heavily alum in ium -treated  s tee ls  because of reaction  between the e rosion  p roducts and 
the alum inium  dissolved in the s tee l to form  alum ina and s p in e l s ^ ^ ) .  N ev erth e le ss , 
such reaction  products can contribute to the total inclusion content of the s te e l.
It has a lready  been stated  that the su rface  lay ers  of a lum ino -silica te  re f ra c to r ie s
which have been in contact with liquid stee l can contain appreciable amounts of 
corundum , and P ickering  reported  a p a rticu la rly  severe  example of the entrapm ent 
of a la rg e  m ass of alum ina from  this so u rce . This type of re fra c to ry  erosion  has 
also  been observed to give r is e  to quality control problem s in h igher m anganese 
s ta in less  s tee ls  (14®), and it is  c le a r  that w here such erosion  p rob lem s a re  likely to 
occu r, p a rtic u la r  attention should be paid to the quality of the ru nner b r ic k s .
In 1943, R a i t^ 4^) published the re su lts  of a  detailed investigation into the 
form ation of inclusions from  casting  p it r e f ra c to r ie s . It was shown that m anganese 
in the liquid s tee l reduced the free  s ilica  of fireb rick  and the resu ltin g  MnO fluxed 
the re fra c to ry , F ig . 2 .8 7 , to form  a liquid m anganese a lum ino -silica te  phase . This 
was washed off the runner b rick s  and c a rrie d  into the ingots. The com positions of 
the m anganese a lum ino-silica te  reaction  lay ers  w ere d iscussed  in te rm s  of the 
M nO -A ^C^-SiC^ phase d iag ram . It was found that a  line drawn from  the MnO c o m er 
of the d iagram  through the com position of the reaction  lay er in te rsec ted  the AI2 O3 -  
Si0 2  side of the d iagram  a t the approxim ate com position of the fire b rick  from  which 
it  was d e riv ed .
Following the investigations of R a it, sev e ra l w orkers studied inclusion pick-up 
from  uphill-teem ing re f ra c to r ie s , notably P o st and L u e r s s e n ( 1 5 0 ) t Snow and S h e a ( -^ ) ,  
Fedock(*52)# Carney and Rudolphy(153)  ^ y i ack and his co-w o rkers  (-^27,128)#
Smith and B anks(154) studied the reactions that take p lace when liquid s tee l 
com es into contact with re fra c to ry  runner b r ic k s . In the f i r s t  p a r t  of th e ir  investiga­
tion , they examined the effects of steelm aking and casting  p it v ariab les  on the degree 
of a ttack  of the b r ic k s . It was observed that the runner b rick s  suffered  considerable  
erosion  as a  re su lt  of a ttack  of the free  s ilic a  in the firec lay  re fra c to ry  by alum inium  
and m anganese in the s tee l. At the working su rface , very  little  free  s ilic a  rem ained  
in the firec lay  and a (mullite + liquid) phase was form ed. The s te e l /r e f ra c to ry  
reaction  in rim m ed stee l was prom oted by m anganese, in the absence of alum inium ,
producing g lassy  reaction  products and a general glazing of the re fra c to ry . In 
killed s tee l with a low alum inium  content in addition to m anganese, the s te e l/re f ra c to ry  
reaction  was modified and the reaction  lay er contained som e p recip ita ted  alum ina. In 
the case  of killed s tee l with a  high alum inium  content, the reaction  lay er was r ic h  in 
alum ina and appeared as a  w hitish , powdery deposit. R efracto ry  a ttack  was m ost 
severe  in runners  on the f i r s t  p la te  to be teem ed, the a ttack  p ro g ressiv e ly  decreasin g  
in sev erity  during teem ing of the c a s t. The reason  fo r th is was not obvious although 
the investigato rs tentatively suggested that the decrease  in the tem pera tu re  of the 
s tee l and its  alum inium  and m anganese contents during teem ing may have been the 
cause . This suggestion seem s reasonable  in the case of the ladle tem p era tu re  and 
alum inium  content, but the d ecrease  in  m anganese content between the f i r s t  and la s t 
p la tes  to be teem ed was generally  le ss  than 0 . 1 % and therefo re  not likely to affect 
significantly  the ra te  of re fra c to ry  a ttack . The degree of attack did not appear to be 
dependent upon the teem ing speed. Although a proportion (unspecified) of the s te e l /  
re fra c to ry  reaction  p ro d u c ts , which passed  along the ru n n ers  into the ingot being 
teem ed, floated into the surface  scum , som e w ere found to contam inate the s tee l in 
the form  of exogenous inclusions.
In the second p a r t  of the ir investigation, Smith e t a l c a rrie d  out a p rogram m e 
of labora to ry  work to study the effect of s tee l com position, tem p era tu re  and tim e of 
contact with the re fra c to ry  on the degree of a ttack  suffered by the ru n n er b r ic k s . It 
w as found that the b rick s  having the g re a te r  alum ina content and the sm a lle r  free  
s ilic a  content w ere su p erio r in all re sp e c ts . H igher m anganese contents in the liquid 
s tee l increased  the g lassy  natu re  of the s te e l/re f ra c to ry  reaction  la y e r . In co n tra s t, 
the addition of alum inium  had very  little  effect and the form ation of an a lu m in a -rich  
lay er s im ila r  to that observed in the f i r s t  p a r t  of th e ir investigation was not rep roduced . 
They attributed  this to the fact that the alum inium  contents of the lab o ra to ry  m elts  
w ere  considerably le s s  than those of the production cas ts  in P a r t  1 and th e re fo re  a 
g lassy  reaction  lay er was to be expected. H ow ever, o ther in v e s tig a to rs (155,156) have
observed a s im ila r d ifference in the effect of alum inium  in the s tee l on the alum ina 
content of s te e l/re fra c to ry  reaction  lay ers  produced in labora to ry  d ip -tes ts  and 
those produced on actual runner b rick s  during teem ing, i . e .  the w hite, powdery 
alum ina deposit form ed on ru nner b ricks during teem ing could not be duplicated in 
labora to ry  im m ersion experim en ts. The reason  fo r this anomolous behaviour is not 
fully understood although i t  is  possib ly  a  re su lt of the very  d ifferen t s tee l flow con­
ditions ex isting  in the two situa tions. It is a lso  observed that the surface  appearance 
of stee l solidified in a runner b ric k  having an a lu m ina-rich  reaction  lay er is com para­
tively smooth w hereas in a  runner b rick  having a g lassy  m anganese a lum ino-silica te  
la y e r , the solidified m etal is  rough and p itted . It has been suggested(155) tha t the 
form ation of a  com pact, infusible lay e r of alum ina on the surface  of runner b rick s  is 
su p e rio r , in te rm s of overa ll s tee l c leanness, to a g lassy  liquid lay er and should 
th e re fo re  be sought. Not only is  erosion  le s s ,  bu t the dendritic  alum ina lay er ac ts  as 
a  ’f i l te r ’ fo r  the liquid stee l and rem o v es, for exam ple, alum ina deoxidation products 
p re sen t in the m eta l. (The s tee l flow conditions in the ru nner b rick s  a re  probably 
com parable to those im m ediately adjacent to the lining in an HF induction furnace o r 
ASEA -  SKF ladle unit, i . e .  high ra te  of m etal c ircu la tion , and as p rev iously  d iscussed  
in section 2 .3 .4 ,  these conditions can re su lt  in the rem oval of la rg e  num bers of 
inclusions by the re fra c to ry  lin ing .) This is an in te restin g  theory  and experim ental 
work is being initiated to examine it on a quantitative b a s is . The only re se rv a tio n  is  
that if la rg e  c lu s te rs  of alum ina a re  to m  from  the re fra c to ry  su rface  by the m etal 
flow, p a rticu la rly  in the final stages of teem ing, then they m ay not escape very  read ily  
in the m ould. However, this is  a m a tte r which needs fu rth e r investigation.
Smith e t al observed that reaction  between erosion  products and alum inium  
dissolved in the liquid stee l resu lted  in the form ation of highly alum inous inclusions 
associated  with show ers of alum ina p a r tic le s . A s im ila r  reac tio n  m echanism  was 
also  suggested by P ickering . Although a proportion of the erosion  products w ere 
found in the ingot scum , som e la rg e  inclusions w ere found in sections of the solid ified
ingots . Forging and exam ination of the sections showed tha t these inclusions w ere 
identical to those found in u ltrason ically  re jected  tube m a te ria l.
(iii) M echanism  of R efracto ry  Attack
Stephenson, Gladman and P i c k e r i n g ^ 1 ^ )  studied the effect of m anganese and 
alum inium  in m olten s tee l on the erosion  of an alum ino-silicate  b ric k  containing 42% 
AI2 O3 . A ccording to these in v estig a to rs , m anganese in liquid iron  re a c ts  with solid 
s ilic a  according to the equation:-
2 Mn + (Si0 2 ) -------- ^  (MnO) + Si . .  . .  . .  eqn. (2.32)
The free  energy change, AG, fo r th is reaction  is  negative m ainly because of 
the very  low activ ity  coefficient of silicon in liquid iro n . Aluminium should also  
re a c t with s ilica  in a  s im ila r  m an n er:-
4 Al + 3 (Si02) — ---> 2  (Al2  0 3) + 3 Si . .  . .  . .  eqn. (2 .33)
Under the experim ental conditions of th e ir  investigation, the behaviour of 
m anganese and alum inium  w ere expected to be very  s im ila r .
If the Si0 2  re a c ts  exclusively with m anganese, the com position of the su rface  
lay e rs  moves from  a position on the Al2 0 3 -SiC> 2  b inary  into the M nO -A ^C ^-SiC^ 
system  following the line AB in F ig . 2 . 8 8 , w here A rep re sen ts  the in itia l b ric k  com ­
position and B re p re se n ts  com plete conversion of SiC> 2 to MnO. The constitution 
changes from  m ullite  and c ris tobalite  to m u llite , c ris tobalite  and a liquid of compo­
sition  a . As the MnO content in c re a se s , c ris to b a lite  d isappears  and the liquid 
com position moves along the 1550°C iso therm  un til, a t point b , m ullite  d isappears  
com pletely . The v iscosity  of the liquid d ecreases  as the SKD2  content d e c re a se s , so 
tha t the probability  of erosion  in c rease s  as the liquid com position changes along ab. 
With a  fu rth e r in c rease  in the MnO content, the com position en ters  the corundum  
p rim a ry  phase field and alum ina is  p rec ip ita ted  from  the m elt.
Once the liquid phase fo rm s on the su rface  of the b ric k , com plex s ilic a te  
polyanions, e .g .  SiO4- and Si' 2 0 ^ "  , re a c t with m anganese in the m eta l to give
silicon of low activ ity  in liquid iro n :-
SiO^" + 2 M n — > Si + 2 Mn2+ + 4 0 2" . .  . .  eqn. (2.34)
Si2 0 ^ “ + 4 M n— > 2 S i + 4 M n 2+ + 7 0 2“ . .  . .  eqn. (2.35)
Some of the O2” ions dissolve in the m olten s te e l, but o th e rs , together with
Mn2+ io n s , diffuse through the liquid su rface  lay ers  and effectively reduce the degree
of polym erisation  of the s ilica te  polyanions.
If som e of the SiC> 2  re a c ts  with alum inium , the com positional changes occur 
to the righ t of AB and the constitution shows an enrichm ent in m ullite  o r even in 
corundum if sufficient reaction  with alum inium  takes p lace . In conditions w here the 
a lum in ium -silica  reaction  p red o m in a tes , an a lum ina-rich  layer would be expected to 
form  on the su rface  of the b r ic k , perhaps acting as a  b a r r ie r  to fu r th e r  a ttack .
In th e ir labo ra to ry  dip te s ts  with an a lum ino-silica te  b rick  containing 42%
AI2 O3 , Stephenson e t a l found tha t increasing  the m anganese content of the liquid 
s tee l caused an in c rease  in the ra te  of re fra c to ry  e rosion . M anganese penetra tion  
occurred  in the s ilic a - r ic h  reg ions of the b ric k  and the com positional changes resu lted  
in the form ation of a single-phased liquid a t the hot fa c e . The com position of this 
liquid was approxim ately 30% MnO, 30% AI2 O3  and 40% Si0 2 « A lum inium  additions 
to the liquid s tee l caused no significant change in e ith e r the ra te  of re fra c to ry  e rosion  
o r  the com position of the hot face. In these experim en ts, th e re fo re , e ro sio n  apparently  
proceeded according to equation (2.32).
W ahlster e t a l ^ ®  ,117,157) showed tha t the reduction of s ilic a  in f ire b r ic k  by 
m anganese in liquid s tee l proceeds s to ich iom etrically  according to equation (2.32) 
and the MnO produced by this reaction  d ecreases  the m elting point of f ire b r ic k  to 
quite an extent so that a  liquid a lum ino-silica te  phase containing high am ounts of MnO 
form s a t the su rface  of the re fra c to ry  in contact with the m olten s te e l. This liquid 
oxide la y er is  eroded from  the surface  of the f ireb rick  and d istribu ted  as inclusions 
in the m e lt. A sum m ary of the re su lts  obtained by W ahlster e t a l is  p re sen ted  in
F ig . 2 .8 9 . The upper p a r t  shows the identical nature of the reaction  la y e rs  a t the 
fireb rick  su rfaces and m anganese a lum ino-silica te  inclusions in heavy p la te . In the 
lower p a r t  of F ig . 2 .8 9 , the d irection  of reaction  between s ilica  and m anganese is 
c lea rly  shown. These w orkers concluded that decisive im provem ents can be obtained 
by using ladle linings with higher AI2 O3  contents, m ullite o r bauxite lin ings, o r 
m agnesite- o r dolom ite- based lin ings.
The m echanism  of re fra c to ry  a ttack  has been s im ila rly  d iscussed  by N a rita ^ ^ ^ ) , 
and by Konig e t a l^ ) .  In the la tte r  c ase , these w orkers postulated tha t reaction  (2.32) 
proceeds p re fe ren tia lly  in s tee ls  with low or m edium  carbon contents having high 
Mn : Si ra tio s . With increasing  residual alum inium  content, reaction  (2.33) is  then 
possib le .
Schw erdtfeger and Schrew e^^^) d iscussed  the chem ical equ ilib ria  betw een 
alum inium  -  deoxidised stee l and re fra c to ry  oxides a t 1550°C. T heir re su lts  fo r 
the system s F e -A l-C r-O , F e -A l-S i-0  and F e -A l-Z r -0  a re  given in F ig . 2 .90.  The 
upper p a r t  of the d iagram  shows that the respective  oxide system s C r 2 C> 3 and AI2 O3  
form  a continuous s e r ie s  of solid so lu tions. H ence, the re la tionship  betw een the 
chrom ium  and alum inium  contents of the m etal phase (lower p a r t of F ig . 2 .90a) 
depends very  much on the composition of the solid solution. SiC> 2  and AI2 O3  form  
a compound, m u llite , 3 AI2 O3 . 2 SiC>2 , as shown in F ig . 2 .90b. H ence, two 
equilibrium  curves ex is t fo r the com position of the liquid s te e l, one fo r the equ ilib rium  
F e-S i0 2 - 3 A l2 0 g - 2 Si0 2 , and the o ther fo r the equilibrium  F e - 3 Al2 C>3 . 2 Si0 2 “A l2 C>3 .
At com positions between the two cu rv es , only m ullite  is s tab le . At silicon  contents 
h igher than those given by the upper cu rv e , s ilic a  is  the coexisting phase; and a t 
silicon concentrations sm a lle r than those rep resen ted  by the low er cu rv e , alum ina 
is  the equilibrium  oxide. The Z r 0 2 -A l2 C>3 system  is a sim ple eu tec tic  sy stem ,
F ig . 2 .90c. Both oxides coexist with each o th er. H ence, th e re  is
only one curve in the low er d iagram  which lim its  the stab ility  regions fo r Z r 0 2  and 
AI2 O3 . F igure 2.90 shows that alum inium  is a strong  reducing agent with re sp ec t to 
chrom ium  oxide and s ilic a . In co n tra s t, z ircon ia  is  very  stable and may be considered 
an ideal re fra c to ry  oxide from  the standpoint of possib le  chem ical a ttack . How ever, 
the ra te  of actual reduction is governed by kinetic fac to rs  and re fra c to r ie s  may behave 
well although equilibrium  conditions a re  unfavourable. F o r instance, if alum inium - 
deoxidised iron is  brought into contact with C r 2 Og, the resu lting  AI2 O3  m ay form  a 
dense lay er on the CrgOg and fu rth e r reaction  m ay be very  slow because the in te r ­
diffusion in the oxide solid solution w ill be ra te  controlling . The sam e is true  of a ttack  
on s ilic a  in the case  w here a  pro tective lay er of alum ina o r m ullite is fo rm ed .
(iv) Flow of Steel Through Nozkles
A nother very  im portant aspect of s te e l-re fra c to ry  in teraction  is  that associated  
with the flow of s tee l through nozzles. Depending upon the chem ical com position of the 
s tee l being cas t and the type of nozzle being used , two contradictory  behaviours can be 
observed , i . e .  an in c rease  in nozzle bo re  caused by erosion of the re fra c to ry ,
F ig . 2 .8 3 , o r a reduction of the nozzle bore  as a re su lt of the deposition of non- 
m etallic  inclusions on the surface  of the nozzle.
The s ta te  of oxidation of the m etal is of param ount im portance in determ ining  
nozzle w ear an d /o r b lockage. Chem ical a ttack  and erosion  a re  enhanced by the la rg e  
contact su rface  and the continuous renewal of m a te ria l caused by the flow of m eta l.
Low carbon s tee ls  which a re  often high in oxygen a re  a lso  teem ed a t h igher tem p era ­
tu re s  than carbon and alloy s tee ls  and this also  enhances e rosion .
It is  a well known fact that alum inium -deoxidised s tee ls  a re  m ore difficu lt to 
teem  through nozzles than silicon-deoxidised s te e ls , because the fo rm er tend to 
’block’ the nozzle^®®* 1 ^ 1 ). jq ^  p a s t, how ever, the problem  was not considered  as 
a m ajor one and in p ra c tic e , whenever the nozzle showed signs of becom ing co n str ic ted , 
teem ing ra te s  could be m aintained by c learing  the nozzle with an oxygen lance .
Consequently, very  little  attention was given to the m echanism  of nozzle blockage. 
O ccasional studies w ere undertaken, e . g .  Snow and S h e a ^ l )  reported  the occu rrence  
of "corundum -glass tufts" covering the bore surface  of nozzles used to teem  alum inium  
fine-grained  s te e ls , bu t no system atic  attem pt to follow up such observations was m ade.
With the increasing  application of continuous casting  during the 1960 's, how ever, 
teem ing difficulties resu lting  from  the use of alum inium  becam e acu te . In som e 
in s tan ces , the addition of alum inium  was discontinued and vanadium o r niobium  w ere 
used for the production of fine-grained  s te e ls ^ ® ) .  In addition, the use of oxygen 
lancing to c lea r  nozzles was recognised as an operation which was likely to re su lt in a 
d ir t ie r  s tee l. Consequently, investigators began to study in detail the m echanism  of 
nozzle blockage c h a rac te ris tic  of alum in ium -treated  s tee ls  in the hope of elim inating  
o r  a t le a s t m inim ising the problem .
In 1967, D uderstad t, Iyenger and M atesa^® 2) showed that nozzle blockage, 
which occurred  while casting  s tee ls  deoxidised with various am ounts of alum inium , was 
associated  with the precip ita tion  and agglom eration of alum ina in the nozzle b o re .
F a r re l l  and H i l t y ^ 2) c a rried  out a  detailed labora to ry  study of the effects of 
various deoxidising elem ents on the flow of liquid s tee l through n ozzles. Equipm ent 
was constructed fo r com paring flow ra te s  and the causes of nozzle blockage w ere 
evaluated by m etallographic techn iques. T heir observations indicated that any deoxi­
dation trea tm en t producing an oxide phase that is solid a t s tee l teem ing tem p e ra tu res  , 
e . g .  alum inium , zircon ium , titanium , the r a r e  ea r th  m etals and even silicon  in the 
absence of m anganese, can be expected to im pede the flow of stee l through a nozzle 
and ultim ately  cause the nozzle to becom e com pletely blocked by p rec ip ita tio n  and 
accum ulation of the oxide in the nozzle b o re . They postulated th a t, a s  the s te e l e n te rs  
the nozzle bore  during teem ing, it  is chilled significantly  by contact with the re la tiv e ly  
co lder nozzle re fra c to ry . The net re su lt of th is tem pera tu re  drop is  the p rec ip ita tio n  
of oxide inclusions to sa tisfy  a  new oxide so lubility  product. Once under way, th is
p ro cess  acce le ra te s  and since the oxide phase is a so lid , its  form ation a t the nozzle 
th ro a t re s tr ic ts  the opening. When this o c c u rs , the flow ra te  is  reduced and the 
residence  tim e of the s tee l a t the nozzle in let in c re a se s , resu lting  in a g re a te r  degree 
of cooling followed by m ore p recip ita tion  until complete blockage o c c u rs .
According to F a r re l l  e t a l, the natu re  of the bonding fo rce  between the p re c ip i­
ta tes  and the nozzle m a te ria l is not c lea rly  understood. F o r exam ple, m etallographic 
exam ination of the in terface between the re fra c to ry  and the oxide p rec ip ita te  shows no 
apparent reac tio n . N evertheless, the p rec ip ita te  adheres very  strong ly . In addition, 
while the u p -s tream  growth of dendrites c o rre la te s  with the m echanism  of p rec ip ita tio n , 
it  is difficult to explain why the re la tive ly  frag ile  branches rem ain  in p lace and continue 
to accum ulate in spite of the washing action of the s tee l flow.
At the 1970 E lec tric  F urnace Conference, Schw erdtfeger and S chrew e^^^) 
p resen ted  a p aper d iscussing  the re su lts  of the ir w ork on the contribution of reoxidation 
products form ed by reaction  between alum inium  in s tee l and tundish re f ra c to r ie s  to 
nozfcle blockage. In th e ir  experim en ts, the p rec ip ita tion  of indigenous a lum ina-type 
deoxidation products was m inim ised by vacuum carbon deoxidation of the h ea t p r io r  to 
final deoxidation with alum inium . They concluded that in teraction  betw een alum inium  
in the s tee l and oxides in the re fra c to r ie s  (particu larly  m oisture  and iron  oxides in 
m agnesite tundish linings) contributed to the nozzle blockage p rob lem , although the 
ro le  played by such reaction  in production heats was not as serious as in lab o ra to ry  
sca le  experim en ts. (This source  of reoxidation is  not to be confused with a tm ospheric  
reoxidation d iscussed  e a r l ie r .)  In the experim ents of F a r re ll  and H ilty , it  is  probable 
th a t, because of the sh o rt flow tim es , the form ation of indigenous deoxidation p roducts  
outweighed any reaction  between re fra c to r ie s  and the deoxid isers p re se n t in the s te e l .
Fortunately , not a ll continuous casting operations a re  as vulnerable to nozzle 
blockage as those using sm all d iam eter m etering  nozzles. Aluminium is used daily  
in the ladle deoxidation of s tee l in the production of la rg e  b ille ts  and s lab s  by continuous 
casting . In these c a se s , the problem  is dealt with adequately through use of la rg e
d iam ete r nozzles an d /o r stopper rod control which helps to b reak  loose accum ulations 
of precip ita ted  a lum ina .
Several re a l or potential p ro cess  techniques have been cited fo r dealing with 
the nozzle p rob lem . One of the m ost in te resting  approaches to preventing blockage 
while continuously casting  alum inium -killed s tee l is  that described  by M eadowcroft 
and M i l b o u r n e ( 1 6 4 ) .  T heir p ro cess  involves the use of an in e rt gas to purge a porous 
re fra c to ry  nozzle during a c a s t, thereby preventing the build-up of alum ina in the b o re .
Two o ther suggestions which have been made a re  som ewhat re la ted  to one 
ano ther. Since it  is  a  drop in tem peratu re  which causes alum ina to p re c ip ita te , these 
call fo r m aintaining the tem peratu re  of the nozzle a t o r above the tem p era tu re  of the 
s tee l in the ladle during a ca s t, o r preventing any tem pera tu re  loss between the furnace 
and m ould. The m echanics of e ith e r approach could prove fo rm idab le .
Self-eroding nozzles may w ork adequately, although the m etering  fea tu re  of the 
nozzle would have to be sac rif iced . In addition, excessive erosion  of re fra c to ry  
m a te ria l into the s tee l could adverse ly  affect s tee l c leanness, p a rtic u la rly  in continuous 
casting .
Problem s of nozzle blockage have been avoided in some W orks by feeding 
alum inium  w ire o r granules to the m etal s tre am  during teem ing. W hilst th is technique 
does provide sufficient alum inium  fo r g rain  s ize  con tro l, the p rim ary  deoxidation 
products form ed in the mould may not escape very  read ily . In addition, un less c a r r ie d  
out under controlled conditions, reoxidation can lead to a very  d irty  s te e l.
The s im p lest solution would be a chem ical one in which the m elting  tem p era tu re  
of the oxides produced by the s tro n g  deox id isers would be lowered below that of the 
s te e l , as occurs with silicon-m anganese deoxidation. In this re sp e c t, the use of 
calcium -containing deoxidants to produce ce rta in  types of calcium  alum inate and 
calcium  alum ino-silica te  inclusions which a re  liquid a t stee l casting  tem p era tu res  
m ight prove ex trem ely  beneficial.
2 .5  PURPOSE OF PRESENT WORK
The m ain purpose of the p re sen t w ork was to im prove the c leanness of 
severa l d ifferen t types of stee l by f i r s t  determ ining the nature  and orig in  of the 
inclusions form ed a t various stages during the steelm aking, tapping and teem ing 
p ro c e sse s . A t the sam e tim e , i t  was also  possib le  to study in g re a te r  detail the 
effects of many of the p ro cess  variab les d iscussed  in Section 2 .4  on the inclusions 
p re sen t in the liquid m eta l. This was p a rticu la rly  so in the case  of exogenous inclu­
sions picked up during tapping and teem ing as i t  may be seen from  the preceed ing  
review  that inform ation concerning the effect of s lag  en tra inm ent, reoxidation and 
re fra c to ry  erosion  on product quality is to a ce rta in  extent inconclusive.
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SECTION 3 -  DETAILS OF INVESTIGATIONS 
AND EXPERIMENTAL PROCEDURE
3 .1  BASIS OF WORK
The b asis  of the work com prised a num ber of planned investigations into the 
types of oxide inclusions p re sen t a t various stages during the steelm aking , tapping 
and teem ing of sev e ra l qualities of s tee l made by basic  e lec tric  a rc  and open-hearth  
p ro c e s s e s . A s e r ie s  of tr ia ls  w ere c a rrie d  out a t various Works within the Special 
Steels D ivision, and it  was possib le  to study the effects of num erous p ro c ess  va riab les  
during steelm aking on the natu re  of the non-m etallic  inclusions p re se n t in the liquid 
m eta l. Full details  of the tr ia l  cas ts  a re  given in Section 3 .7 .
3 .2  METHODS OF SAMPLING
Liquid m etal sam ples w ere taken from  the fu rn ac e , ladle and ingots a t various 
stages during the steelm aking , tapping and teem ing p ro c e sse s . The sam pling device 
employed is  shown schem atically  in F ig . 3 .1 . It consisted  of a  0.61 m long cardboard  
tube of the type used in the construction of ’Tem tip ' therm ocouples. Into the bottom  
end of this tube was fitted a sm all m etal mould so tha t the bottom of the mould was 
level with the end of the tube . Approxim ately 25 mm above the top of the m ould , a 
sm all hole was cut in the cardboard tube. This hole was then covered with sev e ra l 
lay e rs  of tape. A second hole (not shown in F ig . 3 .1) was cut in the tube approxim ately  
100 mm from  the top end. This hole was left uncovered fo r gases to escap e .
The tube was then fitted on to the tapered end-piece of a long sam pling rod and 
m etal sam ples w ere taken by im m ersing  the bottom  end of the tube containing the 
mould in the liquid s te e l, the tape preventing s lag  from  entering  the mould as  the tube 
was im m e rse d . The s tee l eventually burned through the tape and flowed into the 
mould. In the case of furnace o r  ladle sam ples, c a r  m asking tape was used to cover 
the m etal en try  ho le . F o r the ingot sam p les , how ever, Selotape was found to be 
adequate fo r  preventing the in g ress  of mould additive.
The liquid m etal sam ples w ere not fu rth er killed in any way in the sam pling 
mould: consequently, the inclusions p re sen t in the solidified sam ples consisted of:-
(i) re la tive ly  la rg e  inclusions which w ere p re sen t in the liquid m etal
(ii) very  sm all inclusions which w ere p rec ip ita ted  from  the m elt 
during the rap id  cooling and solidification of the sam ples.
In general they w ere reasonably  sound and it was possible  to obtain many exam ples of 
the inclusions p re sen t sim ply by p reparing  m etallographic sec tions.
M etal sam ples w ere taken from  the top of the ladle im m ediately  a fte r  the 
com pletion of tapping, and a t various stages of vacuum degassing fo r those cas ts  
which w ere  degassed . Again, these  sam ples w ere not fu r th e r killed in any way.
D uring teem ing, m etal sam ples w ere a lso  taken from  the tops of certa in  ingots 
as  the level of liquid m etal approached the t ile s , and from  the ladle s tre a m . In the 
la tte r  in stance , the sam ple was norm ally  taken by reducing the flow of m eta l through 
the nozzle and collecting the sam ple in a spoon. The liquid m etal was then poured 
from  the spoon into a  sm all mould. In o ther c a se s , the sam ple was taken d irec tly  
from  the s tre am  into the mould. Again, these sam ples w ere not fu r th e r  killed in the 
sam pling mould.
In addition to the liquid m etal sam ples, furnace s lag  sam ples w ere a lso  taken 
w henever possib le  during steelm aking , and in some c a se s , ladle s lag  sam ples w ere  
taken before and a fte r teem ing. The analyses of a ll the steelm aking and slagm aking 
additions w ere obtained, the types of re fra c to rie s  used throughout s tee lm ak ing , tapping 
and teem ing w ere reco rd ed , and the amount of furnace an d /o r ladle w ear w as estim ated  
fo r each c a s t. W here ap p ro p ria te , sections of b ille ts , b a rs ,  e t c . , from  the c a s t w ere 
a lso  taken fo r exam ination in o rd e r to com pare the inclusions p re se n t in the liquid 
m eta l with those in the ro lled  product.
During the whole of the steelm aking , tapping and teem ing p ro c e s s e s , a  detailed  
chronological reco rd  was kept of a ll the operations c a rrie d  out including the sam pling . 
In this way, i t  was possib le  to re la te  the analyses of the m eta l, s lag  and inclusions
d irec tly  with the actual de tails  of the steelm aking p ra c tice .
3 .3  METALLOGRAPHIC EXAMINATION
All the m etal sam ples w ere sectioned and p repared  fo r m etallographic exam i­
nation on J  jum diam ond. Even though the sam ples som etim es contained blow holes, 
i t  was always possible to obtain solid m ate ria l containing the types of non-m etallic  
inclusions p re sen t. By norm al optical m etallographic exam ination, a rep resen ta tiv e  
num ber of the d ifferen t types of inclusions in each sam ple w ere selected  and m arked  
fo r subsequent exam ination by e lec tron-p robe m icro  analysis . W here ap p ro p ria te , the 
inclusions in sections from  the finished and sem i-fin ished  products (b ille ts , b a r s ,  
p la te s , fo rg ings, e tc .)  w ere also  examined in this way. It should be em phasised tha t 
the exam ination was p a rtic u la rly  aim ed a t estab lishing  the types, s ize s  and analyses 
of the inclusions which occurred  a t d ifferen t stages of the steelm aking p ro cess  and not 
in the quantitative a sse ssm en t of the num ber o r volume fraction  of the inc lusions. 
H ow ever, when occasional quantitative w ork was c a rr ie d  out to provide d e ta ils  of the 
approxim ate variation in the inclusion content during the steelm aking , tapping and 
teem ing p ro c e sse s , the re su lts  w ere rem arkab ly  consisten t.
3 .4  ELECTRON-PROBE MICROANALYSIS
Inclusion com positions w ere determ ined 'in  s itu ' by the use of e lec tro n -p ro b e  
m ic ro an a ly sis . The instrum en t used was a Cam bridge M icroscan M ark V .
3 .4 .1  The P rincip les  of the Instrum ent
When a beam  of e lec tro n s  is em itted from  a hot cathode source  and acce le ra ted  
via a high potential (25 kV in the p re sen t case) and m ade to h it a ta rg e t, the absorbed 
e lec tro n s  cause X -ray s  to be em itted from  the ta rg e t c h a ra c te r is tic  of the elem ents 
p re se n t in the irrad ia ted  volum e. The im portant featu re  of the m ic ro an a ly se r is  the 
fac t that the incident beam  of e lec tro n s  is very  finely focused when i t  h its  the ta rg e t 
o r  sam ple , being of the o rd e r of one m icron o r even le ss  in d ia m e te r. This fine beam  
is  focused via the condenser and objective lenses of the optics sy stem , in addition to
which the re  a re  two se ts  of scanning coils p re sen t allowing the focused 'spot* to be 
system atically  scanned over selected a re as  o r lines as req u ired . The X -ray s  which 
a re  em itted a re  incident upon the analysing c ry s ta l of the fully-focussing sp ec tro m e te r, 
which can be se t in accordance with B ragg 's  Law :-
nX = 2d sin  0 . .  . .  . .  eqn. (3.1)
to se lec t the p a rtic u la r  X -rad ia tion  c h a rac te ris tic  of the elem ent in question. The 
X -ray s  a re  subsequently detected by a proportional counter and the re su ltan t signal is  
am plified and fed into the d isplay and record ing  sections of the in strum ent.
The ’b a ck -sc a tte red ’ e lec trons a re  also  detected via a phosphor, photom ultip lier 
and scin tilla tion  counter, the re su ltan t signal a lso  being am plified and fed into the 
display equipm ent. These b ack -sca tte red  e lec trons a re  dependent upon two m ain 
p ro p e rtie s  of the sam ple. F ir s t ly , the higher the atom ic num ber of a  reg ion , the 
g re a te r  is the degree of b a ck -sc a tte r  from  that region as opposed to a  region of low er 
atom ic num ber. Thus, if a known elem ent, e .g .  iron  in a  stee l sam ple, is used for 
re fe re n ce , an a re a  appearing ligh ter o r d a rk e r (signal intensity) w ill have a c o r re s ­
pondingly higher o r low er m ean atom ic num ber than the re fe ren ce  a re a . Secondly, the 
surface  finish of the sam ple is  of g re a t im portance. With rough su rfa c e s , d ifferen t 
incident angles of the e lec trons w ill re su lt  giving r is e  to ligh t and dark  ad jacen t 
regions caused by varying degrees of b a ck -sc a tte r .
3 .4 . 2  Problem s of A nalysis
As stated  in the previous sec tion , the su rface  finish of the sam ple is  of g re a t 
im portance and for accura te  quantitative an a ly sis , i t  is  essen tia l that the specim en 
and the com parison standards be as fla t as p ossib le . B ecause of varia tions in the 
effective X -ray  take-off angle, rough su rfaces will a lso  cause d ifferen t X -ra y  in ten sitie s  
to be reg is te red  depending upon topography ra th e r  than upon com position. F o r exam ple, 
i t  has been shown(165) that fo r a 20° take-off angle, if  an e r r o r  of 2° occu rs  in the 
inclination of the specim en su rface  to the incident beam , o r  if the analysis  takes p lace
in a j-  fj,m deep groove, then when analysing fo r m agnesium  in iro n , an e r r o r  of 
about 10% will occu r. S im ilar effects have been obtained by S a lte r(16fi), who has 
shown th a t, even with sem i-focusing  sp ec tro m e te rs , an e r r o r  of 1 % will occur for a 
specim en height varia tion  of about \  jum. H ence, fo r a ll accu ra te  quantitative an a ly sis , 
a good m etallographically  polished surface  is e ssen tia l.
The method of analysis is  to com pare the in tensity  of X -ray s  fo r a  specific 
e lem ent from  the sam ple with those obtained from  a pure standard  of the elem ent.
Then, to a  f i r s t  approxim ation:-
c A  =  y i ( A )  • •  • •  • •  • •  e ^ - < 3 - 2 >
w here is  the true  concentration of A in the alloy
1^ is the in tensity  of X -ray s  from  A in the alloy 
(usually o r La  lines a re  used)
1(A) *S ^ ^ n s i t y  X -ray s  from  the pure  standard 
of A
Unfortunately, the relationship  is  not quite as sim ple as th is . T here a re  
sev era l fac to rs  which have, in certa in  c ircu m stan ces , a  m arked effect upon the ra tio . 
H ence, it  is  m ore usual to w rite  equation (3.2) in the form.—
ka = W )  ........................  eqn- (3-3)
w here = (F ).C ^  •• •• •• . • eqm  (3.4)
w here is  the m easured  o r apparent concentration of A in the alloy and (F) is  som e 
function which can be g re a te r  o r  le ss  than unity depending upon the p reva iling  conditions 
These fac to rs  a re  generally  very  com plex, and only a  b r ie f  outline w ill be given h e re . 
The fac to rs  involved can be considered under th ree  m ain headings as  follows —
(i) Absorption
This condition p rev a ils  between a ll e lem en ts , including se lf-ab so rp tio n , and 
occurs  where the em itted X -ray s  a re  absorbed by the m a te ria l before  they a re  able to 
escape and be detected . The absorbing pow er, given in te rm s  of the m ass  absorp tion  
coefficient, is  a  maximum a t the low er wavelength side of the absorption edge and is
considerably  le ss  a t the h igher wavelength s ide . This is  because as the wavelength 
d e c re a se s , so the energy in c reases  and penetration  in c re a s e s , hence decreasing  
absorp tion . At the absorption edge there  is  an abrupt change which signifies a  fu rth er 
re lease  of e lectrons and the u tilisa tion  of the X -ray s  of th is wavelength and energy , 
and those of im m ediately sh o r te r  wavelength; th e rea fte r the m ass absorption coef­
fic ien t d ec reases  once m o re . The magnitude of th is absorption depends upon the 
elem ents p re sen t and, th e re fo re , d iffers between sam ple and s tan d ard . As a re s u lt ,  
the apparen t concentration, K ^ , is  le ss  than the true  concentration , C ^ .
(ii) F luorescence
If the energy of the c h a ra c te ris tic  X -ray s  of one elem ent is  slightly  g re a te r  
than the absorption edge energy of a  second elem ent in the sam e sam p le , then s trong  
absorption of the c h a rac te ris tic  X -ray s  by the second elem ent o c cu rs . The absorbing 
e lem ent is excited and in re tu rn ing  to the ground s ta te  i t  may em it c h a rac te ris tic  
rad ia tion . These secondary X -ray s  add to the in tensity  of the p r im a ry  X -ray s  of the 
sam e wavelength em itted by tha t elem ent as a re su lt of absorption of e lec tro n s  from  
the incident beam . This in c rease  in intensity  of the c h a rac te ris tic  X -ray s  of one 
elem ent caused by the absorption of the c h a rac te ris tic  X -ray s  of ano ther is  te rm ed  
the c h a rac te ris tic  fluorescence effect. The fluorescence of iron  by n ickel and copper 
a re  good exam ples of this effect in s te e ls .
(iii) Atomic Number Effect
The num ber of c h a rac te ris tic  X -ray s  produced in  the sam ple p e r  incident 
e lec tron  is a function of the average atom ic num ber of the sam ple. T hus, the num ber 
of Fe Kq, X -ray s  produced in a sam ple of Al-1% Fe is  quite d ifferen t from  the num ber 
produced in a  sam ple of U-1% Fe fo r the sam e excitation conditions. D ifferences in 
back -sca tte rin g  and stopping power fo r  e lec trons have been shown to be the cause of 
th is effect.
3 .4 .3  Methods of A nalysis and C orrection  P rocedures
It is  not intended that a c r itic a l exam ination be given of the various absorption 
and fluorescence co rrection  form ulae which have been evolved, as these a re  well 
covered in the literature^® ® -173). H ence, passing  re ference  only is made to the 
form ulae u sed . H ow ever, a detailed descrip tion  of the co rrec tion  p rocedure  is 
p re sen ted , including a worked exam ple.
The su rfaces  of a ll the specim ens examined w ere p rep ared  on 3  jum diamond
oand then coated with 1 0 0 - 2 0 0 A thick lay ers  of copper to elim inate charging-up effects. 
Count ra te s  fo r various e lem ents w ere determ ined and com pared with the count ra te s  
from  standard  oxides, sulphides and fluo rides. Quantitative analysis fo r the d ifferen t 
oxides, e .g .  FeO , MnO, P 2 ° 5 » A1 2°3» Si° 2 > Ca°> MgO, K20 , TiC>2 , w ere then 
obtained from  correc tion  curves based on P h ilib e rt’s absorption formula^®®) and 
Duncumb and R eed’s atom ic num ber formulaU^O) as d iscussed  by Salter^®®). In 
g en era l, the co rrec tio n  req u ired  fo r fluorescence in these oxide system s was 
negligible^® ^). Norm al operating conditions involved an acce le ra tin g  voltage of 
25 kV and a specim en c u rre n t of approxim ately 0.1 fj,A. The X -ray  take-off angle 
was 75° fo r a  no rm ally -inciden t e lectron  beam .
A typical b inary  co rrec tio n  curve is  shown in F ig . 3 .2 , w hilst F ig . 3 .3  shows 
typical te rn a ry  co rrec tion  curves^® ^). The te rn a ry  curves a re  constructed  such 
tha t the uncorrected  concentration Kj fo r a  component i (in the case  of F ig . 3 .3  th is 
is  an oxide) is  rep resen ted  by a  linear ordinate indicated on the left-hand side of each 
fam ily of c u rv e s . The o ther two components a re  p resen ted  as a ra tio  function on the 
horizon tal sca le . The co -o rd in a te s , th e re fo re , define a  point in the d iag ram . The 
true  concentration Cj corresponding to K. is  then found by re la ting  the point to the 
positions of the im m ediate iso -concen tra tion  cu rv es, the values of which a re  given by 
the n on -linear ordinate on the right-hand side of the d iagram .
Unfortunately, this procedure  is unsuitable fo r  quaternary  o r  la rg e r  com ponent 
sy stem s as the num ber of graphs requ ired  would be inconveniently la rg e . In these
c a s e s , i t  is  n ecessa ry  to adopt a ’m atrix  co rre c tio n ’ p r o c e d u r e based on the 
assum ption that the determ ination of one elem ent is subject to co rrec tions proportional 
to the am ounts of the o ther e lem ents p re sen t. It can be seen from  F ig . 3 .3 a  that this 
is  not always so , although in many cases (F igs. 3 .3b and c) the variation is a lm ost 
lin e a r . The m ore com plex the system , the le ss  the concentration of any p a rtic u la r  
elem ent is in general and, as in F ig . 3 .3 a , these low er concentrations tend m ore 
c losely  towards a lin ea r re la tionsh ip . Thus, the co rrection  fac to rs  a re  lin ea r to a 
f i r s t  approxim ation over sm all ranges of com position.
The re la tionsh ips used in the ’m atrix  co rrec tio n ' procedure a re  given below :- 
The uncorrected  concentration of elem ent i is Kj (i = 1 ,2 ,3  . . . )
The co rrec ted  concentration of e lem ent i ,  in a b inary  system  with elem ent j ,  
from  the b inary  d iagram s is K .*1 (j = 1 ,2 ,3  . . .  but i ^  j).
The approxim ate estim ated  concentrations of i and j a re  and 
The final co rrec ted  concentration of i is Cj. The p ro cess  involved is an 
ite ra tiv e  one and in itia lly  it is  n ece ssa ry  to obtain an approxim ate estim ate  K^y of 
the various com ponents. This is sim ply done by calculating the approxim ate c o n tri­
bution of each sep ara te  b inary  co rrec tion  and sum m ing for a ll the co rrec tio n s  which 
should be added to Kj to give K^y. T hus, fo r each component sep a ra te ly ,
the pure b inary  system s by each of the in term ediate  co rrec ted  values as frac tio n s  
of the total m inus itse lf . In this way the proportional effects of each e lem ent a re  
summed to give
eqn. (3.5)
The next stage of the calculation is to weight the individual values of from
C.l eqn. (3.6)
A typical co rrec tion  is given in Appendix 1 (take-off angle 20° a t 25 kV).
3 .5  OXYGEN ANALYSES
The total oxygen contents of the m etal sam ples w ere determ ined by vacuum 
fusion an a ly s is (-^4)^
3 .5 .1  A pparatus
The furnace section of the apparatus consisted of a pyrex  ou ter shell cooled 
by m eans of an a ir  b low er. A quartz te s t tube was suspended inside the outer shell 
by m eans of platinum  w ire s . This tube was p a rtia lly  filled with sub -300 m esh 
graphite pow der. Supported and surrounded by the powder was a graphite  crucib le 
with a capacity of about 150 g of liquid s te e l. The graphite crucib le was fitted with 
a graphite funnel to ensure  that the sam ples fell into the c ru c ib le . The furnace was 
heated by an induction unit and the tem peratu re  m easured  by m eans of an optical 
p y ro m ete r.
The evolved gases (CO, H£ and N 2 ) w ere rem oved from  the furnace cham ber 
by a m ercu ry  diffusion pump and passed  over a  copper oxide ca ta ly s t. This was con­
tained in a quartz TU* tube connected into the gas line im m ediately  a f te r  the furnace 
diffusion pum p. Its function was to oxidise the CO and H2  in the evolved gases to 
CO2  and H2 O respec tive ly . The ca ta ly st was operated at a  tem pera tu re  of 600°C and 
th is was achieved by a re s is tan ce  winding on the outside of the quartz  tu b e .
Im m ediately following the ca ta ly st was a  w ater vapour trap  consisting  of 
phosphorus pentoxide in a s ilic a  boat, which was contained in a  pyrex  tube fitted  with 
a ground joint and cap to fac ilita te  renewal of the dess ican t.
The rem aining gases (CO2  and N2 ) w ere then collected in a constant volume 
re s e rv o ir . The to tal p re s su re  of the gases collected was autom atically  m easured  by 
a tran sd u cer and recorded  on a p e n -re co rd e r ch art. The gas tem p era tu re  could a lso  
be m easured  a t any tim e .
The collected gases w ere then c ircu lated  through a liquid oxygen trap  w here the 
CO2  was frozen out and re ta in ed . The rem aining N2  was then passed  into the constant
volume re s e rv o ir  and its p re ssu re  recorded  in the sam e way as b efo re . The difference 
between the two readings gave the p re s su re  of CO£.
3 .5 .2  T est P rocedure
The apparatus was out-gassed  at a tem perature  of 2300°C. The blank ra te  
(prior to adding sam ple) of gas evolution was then determ ined a t the te s t  tem peratu re  
(1860°C).
The surface oxide was rem oved from  the specim en , which was then introduced 
into the furnace via a vacuum lock. The te s t was commenced and the gases collected 
until the gas evolution ra te  dropped to that of the blank ra te . The collected gases 
w ere then analysed fo r CO2  and Ng as befo re . The tim e taken to re tu rn  to the blank 
ra te  a t the end of a determ ination occasionally seem ed excessive , due usually  to the 
sluggish evolution of N2 . This could be confirm ed in any p a rtic u la r  case  by analysing 
the gases evolved, collecting a second fraction  and estab lish ing  that th is fu rth e r 
frac tion  contained no CO2 . Under these c ircu m stan ces , there  was no necessity  to 
rem ove com pletely all N2  before proceeding with the next sam ple.
The tran sd u ce r and re c o rd e r  w ere calib rated  against a McLeod gauge, using 
CO2  from  the liquid oxygen trap . The fac to r, F , fo r the weight of oxygen (g) 
equivalent to 1 ch art division a t 0°C was then given by :- 
V x  0.000714F = ---------     . .  . .  . .  . .  eqn. (3.7)d
w here V = volume of CO2  a t STP m easured  by the McLeod gauge
d = re c o rd e r divisions co rrec ted  to standard  tem peratu re  (0°C)
The fac to r 0.000714 converts m l CO a t STP to g oxygen
Then
. nt (A -  B) -  (a -  b) x F x 273 x 100 /nwt % oxygen = J > w  x (273 +1 )--------------- "  ”  ^  <3 - 8)
w here A = total gas p re s su re  from  specim en (reco rd er divisions)
B = nitrogen gas p re s su re  from  specim en (recorder d iv isions)
a = total gas p re s su re  from  blank fo r equivalent tim e (reco rd e r d ivisions)
b = nitrogen gas p re s su re  from  blank fo r equivalent tim e 
(reco rd er divisions)
F = weight of oxygen (g) equivalent to 1 ch art division a t 0°C
W = specim en weight in g
t = am bient tem peratu re  in °C
3 .6  CHEMICAL ANALYSES
In a num ber of the t r i a l s , the m etal sam ples w ere analysed fo r alum inium  
an d /o r silicon . In the la tte r  c a se , the analyses w ere c a rrie d  out according  to the 
B ritish  Standard Photom etric Method No. 1121, P a r t  19 fo r acid soluble silicon . 
Within the lim its of experim ental e r r o r ,  the values obtained by th is method w ere the 
sam e as  the corresponding spectrograph ic  analyses fo r total silicon content, i . e .  
using the photom etric m ethod, the s ilica te  inclusions p re sen t in the sam ple m ust 
also  have dissolved in the acid so  that the acid-soluble silicon  content was in fac t 
equivalent to the total silicon  content.
A cid-soluble and acid-insoluble alum inium  determ inations w ere  based on the 
d ire c t e riochrom e cyanine R photom etric m ethod(175).
3 .7  DETAILS OF INVESTIGATIONS
3 .7 .1  O ccurrence of Inclusions in Vacuum D egassed Low Alloy Steel
This investigation was concerned with the cleanness of C r, 1% Mo s tee l 
produced by an open-hearth  steelm aking/R .H . degassing ro u te . P rob lem s w ere 
being experienced owing to the occurrence  of an excessive num ber of non-m eta llic  
inclusions in the b ille ts  and a sam pling tr ia l  was th e re fo re  c a rr ie d  out to de term ine  
the nature  and origin of the inclusions p re sen t in the liquid m eta l.
The tr ia l (A .l) was on a 120 t open-hearth  c a s t which had the following p it 
an a ly s is :-
A nalysis, w t. %
C Si Mn S P  Cu Ni Cr Mo Sn A1
0.12 0.44 0.52 0.029 0.027 0.13 0.13 2.26 1.01 0.008 < 0 .005
The chronological reco rd  of the tr ia l is given in Table 3 .1  and a b rie f  d e sc rip ­
tion of the p rocedure is as follows:-
A m etal sam ple was taken from  the furnace p r io r  to tapping. The s tee l was 
tapped a t a tem peratu re  of 1670°C and additions of 0.03% alum inium , 0.71% fe r ro ­
m anganese, 0.36% fe rro -s ilico n  and 4.72% ferro -ch rom ium  w ere m ade to the lad le . 
P a r t  of the fe rro -ch rom ium  addition was placed in the bottom of the ladle before  
tapping. The ladle of s tee l was then tran sfe rre d  to the vacuum degassing unit and 
the s tee l was degassed fo r 32 m in. The tem peratu re  of the s tee l a t the end of 
degassing was 1570°C. The steel was uphill-teem ed using a slid ing-gate  stopper and 
the mould additive was v e rm icu lite .
3 .7 .2  O ccurrence of Inclusions in Low Silicon Leaded F ree-C u tting  Steel
The com position of this s tee l is based on the specification A .I .S .I .  12L14 
with an 0. 01% m ax. silicon  content fo r im proved m achinability. The analysis range 
i s : -
c Si Mn P S N Pb
0.08 0.010 0 . 8 5 / 0 . 0 7 / 0 . 2 7 / 0 . 0 0 6 / 0 .22
m ax. m ax. 1 .05 0.11 0.34 0.010 m in.
This n ecessita tes  the carefu l control of silicon during stee lm aking , tapping 
and teem ing, including the use of sp ec ia l, low -silicon fe rro -a llo y s . D espite these 
c o n tro ls , the silicon content of ladle s tream  sam ples taken during teem ing was found 
to be g re a te r  than 0 . 0 1 % in som e in stan ces, indicating that pick-up of silicon  over 
and above that p re sen t in the fe rro -a llo y  additions had occu rred . It was n e ce ssa ry  
th e re fo re , tha t the source of this additional silicon  be located so that s tep s  could be 
taken to elim inate it .
Steelm aking tr ia ls  w ere ca rried  out on four c as ts  of free -cu ttin g  s tee l to 
follow the variation in silicon  content and to determ ine the nature of the oxide inclu­
sions p re sen t in the m eta l. The chronological re co rd s  of the four t r ia l  c a s ts  a re  
shown in Tables 3 .2  -  3 .5 . T ria l c as t B . l  was sam pled from  m elt out w hereas
cas ts  B .2 , B .3  and B .4  w ere only sam pled from  tap onwards as this was found to be 
the im portant period from  the point of view of silicon p ick -up .
The s tee l was made in a 120 t basic  e lec tric  a rc  furnace using a s in g le -slag  
p ra c tic e . The charge to the furnace consisted of s c ra p , lim e and coke, and m elting 
down was accompanied by the use of oxygen which also  helped to form  an active 
oxidising s lag . At m elt out, the bath carbon content was norm ally  about 0.15%.
During the oxidising perio d , the bath carbon was lowered to 0 .05/0 .06%  and the bath 
silicon  to le ss  than 0. 005%. The m elt was then blocked with low carbon , low silicon 
fe rro -m an g an ese . The furnace was tapped at a tem peratu re  of 1630/1640°C, and 
during tapping, fe rro -m anganese , ferro-phosphorus and rock  sulphur w ere added to 
the lad le . The bulk of the s tee l was uphill-teem ed, lead being added down the trum pet 
during the teem ing of each p la te . O ccasional non-leaded ingots w ere d irec t-teem ed  
fo r com parison with the uphill-teem ed ingots. An oxygen lance was used on the ladle 
nozzle during casts  B .2 , B .3  and B .4 . A sum m ary of the steelm aking d e ta ils  fo r the 
tr ia ls  c as ts  is p resen ted  in Table 3 .6 .
3 .7 .3  O ccurrence of Inclusions in Carbon-M anganese-N iobium  Steel
This investigation was concerned with the production of C-M n-Nb p late  s te e l, 
which was requ ired  to have adequate re s is ta n c e  to lam e lla r tea rin g . The s tee l chosen 
fo r the application was modified B .S .4360, Grade 50D s tee l, which is b asica lly  a 
C-Mn-Nb quality supplied as p la tes in the no rm alised  condition. The te stin g  p rocedure  
specified fo r  determ ining the susceptib ility  to lam e lla r tearing  was the through­
thickness tensile  te s t . The s tee l was requ ired  to m eet a m inim um  average reduction 
of a re a  value from  six  te sts  on each p la te . The basic  e lec tric  a rc  steelm aking  
p rac tice  included a tight control of residual e lem en ts , a re s tr ic te d  carbon equivalent 
value and aluminium trea tm en t.
The average through-thickness te s t re su lts  fo r the f i r s t  s e r ie s  of production 
cas ts  w ere approxim ately as follow s:-
Average Reduction of A rea V alue, %
Centre Edge O verall
26 42 34
In som e in s ta n ce s , these tensile  p ro p e rtie s  w ere below those req u ired  by the 
custom er. In addition, the through yield (ingot to plate) fo r this m a te ria l was low.
The fa ilu re  to m eet the through-thickness p ro p e rtie s , when this o c cu rred , was caused 
by the p resence  of AI2 O3  an d /o r MnS inclusions. Consequently, a  steelm aking 
developm ent p rogram m e was in itia ted , aim ed a t im proving the quality of C-Mn-Nb 
p late  stee l so that a  minimum reduction of a re a  value of 40% average could be achieved 
on a reg u la r b a s is . Steelm aking tr ia ls  w ere c a rrie d  out on th ree c as ts  of C-M n-Nb 
s tee l. The f i r s t  (trial C .l)  was made according to the original standard  p rac tice  
involving p rim ary  fe rro -s ilico n  deoxidation. The two subsequent t r ia ls  (C .2 and C .3) 
w ere on developm ent cas ts  made to a modified steelm aking p ra c tic e . D etails of the 
orig inal and modified p rac tice  a re  now given.
(i) T ria l C .l
This c a s t was m ade according to the orig inal standard  p rac tice  involving a 
fe rro -s ilico n  bath block. The chronological reco rd  of the tr ia l c a s t is  sum m arised  
in Table 3 .7  and a b rie f  descrip tion  of the procedure  is  as follow s:-
The charge to the furnace was made in th ree  baskets and consisted  of 120 tonne 
sc ra p , 2.1 tonne b reeze  and 5.08 tonne lim e . M elting down was accom panied by the 
use of oxygen which also  helped to form  an active oxidising slag . At m elt out, the 
bath carbon content was 0.585%.
The bath was then blown and the s lag  was flushed over the s ill  during  this 
period . The to tal tim e fo r oxidation was approxim ately 1 h and the bath carbon was 
lowered to 0.061%.
The slag  was rem oved and then the bath was blocked with 0.67% fe rro -s il ic o n .
This was followed alm ost im m ediately by the addition of 1016 kg D esulfex 75* to form
* P ro p rie ta ry  desulphurising agent -  see Table 3.11 fo r full com position
a refining s lag . Approxim ately 15 min la te r ,  0.11% aluminium was added to the 
fu rnace. N ear the end of the refining p eriod , final additions of fe rro -m anganese  and 
ferro-n iob ium  w ere made to achieve the requ ired  specification.
The furnace was then tapped a t a stee l tem peratu re  of 1635°C. A large  
taphole was used to prom ote s lag -m eta l m ixing and a fu rth e r 0 . 1 1 % alum inium  was 
added to the ladle in the norm al m anner. The m etal tem peratu re  a fte r  tapping was 
1600°C.
The s tee l was uphill-teem ed into 5 x 20 t ingots using wide end up m oulds. 
Stelotol 15** mould additive was placed in  the bottom  of each mould p r io r  to teem ing. 
E x tra  Stelotol was sprinkled into moulds 1 and 2 during teem ing. Oxygen was used on 
the ladle nozzle a fte r the 3rd and 4th ingo ts.
(ii) T ria l C .2
This c a s t was m ade to a  modified steelm aking p rac tice  involving, among o ther 
th ings, blocking the bath with alum inium  and the m aintenance of an effective alum inium  
cover (> 0 .025% Al) during refin ing , tapping and teem ing. The chronological reco rd  
of the tr ia l ca s t is  sum m arised  in Table 3 .8  and a b rie f  descrip tion  of the p rocedure  
is  as follows.—
The charge to the furnace was made in 5 baskets and consisted  of 123 tonne 
s c ra p , 2 .3  tonne b reeze  and 5.08 tonne lim e . At m elt out, the bath  carbon content 
was 0.305%.
The bath was then blown and slag  flushed over the s ill during th is p e riod .
The total tim e fo r oxidation was approxim ately 30 m in and the bath carbon was reduced 
to 0.115%.
The bath was slagged off and then blocked with 0.37% alum inium . This was
followed by the addition of a norm al lim e refin ing  s lag . 1 1  m in a f te r  the alum inium
block, fe rro -s ilic o n  was added to the bath. 39 m in la te r ,  a fu rth e r addition of
0.09% alum inium  was m ade. The slag  was then flushed off and m ore  fe rro -s il ic o n  
** P ro p rie ta ry  mould additive -approx im ate  com position 40% SiC^, 2 0 % A l2 O3 , 1 0 %Na2 O
was added followed by Desulfex 75 to form  a second refin ing slag . F inal additions 
of ferro -m anganese  and fe rro-n iob ium  w ere made p r io r  to tapping.
The s tee l was then tapped a t a tem peratu re  of 1640°C and 0. 05% alum inium  
was added to the lad le . This was c a rrie d  out by in terrup ting  the tapping of the furnace 
when the ladle was approxim ately one th ird  fu ll. The alum inium , suspended from  the 
c ra n e , was low ered into the m etal and the rem ain d er of the m etal and s lag  was then 
tapped into the lad le . A la rg e  taphole was again used to prom ote s lag -m eta l m ixing 
and desulphurisation . The m etal tem pera tu re  a fte r tapping was 1600°C.
The s tee l was uphill-teem ed into 4 x 20 t wide end up ingots and 1 x 25 t 
wide end up ingot with a  superim posed h ead . The m etal s tre am  was p ro tec ted  by 
argon during  teem ing. The mould additive was suspended about 30 cm from  the base  
of each m ould. Additional mould additive was added to moulds 1, 2  and 5 during  
teem ing. Oxygen was used on the ladle nozzle a fte r teem ing the th ird  and fourth  
ingo ts.
(iii) T ria l C .3
The steelm aking p rac tice  fo r this c a s t was s im ila r  to tr ia l C. 2  except that 
p a r t  of the Desulfex 75 was injected into the bath . The chronological re c o rd  of the 
tr ia l  ca s t is  sum m arised  in Table 3 .9  and a b r ie f  descrip tion  of the p rocedu re  is  as 
follows —
The charge to the furnace was made in 5 baskets and consisted  of 105 tonne 
s c ra p , 2 . 1  tonne b reeze  and 5.08 tonne lim e. At m elt out, the bath carbon content 
was 0.38%. The bath was then blown and s lag  flushed over the s ill during  th is p eriod . 
The total tim e fo r oxidation was approxim ately 30 m in and the bath carbon was 
reduced to 0.055/0.045% .
The bath was slagged off and then blocked with 0.37% alum inium  followed by 
the addition of a  norm al lim e refin ing  slag . The e lec trodes w ere dipped fo r  3 m in 
and an addition of 0.40% fe rro -s ilico n  was then made 16 min a fte r  the p r im a ry
alum inium  block . The bath was paddled and sam pled , and 437 kg D esulfex 75 was 
then injected into the m elt using nitrogen as the c a r r ie r  gas. A fter sam pling and 
flushing the s lag , a fu rth e r addition of 0. 09% alum inium  was made followed by 1500 kg 
Desulfex added in the norm al m anner. About 20 min la te r ,  final additions of f e r ro ­
m anganese , fe rro -s ilico n  and fe rro-n iob ium  w ere made p r io r  to tapping.
The s tee l was then tapped a t a tem pera tu re  of 1640°C and 0.05% alum inium  
was added to the ladle in the sam e m anner as in t r ia l  C .2 . A la rg e  taphole was again 
used and the ladle m etal tem peratu re  a fte r tapping was 1600°C. The s tee l w as uphill- 
teem ed into 2  x 18 t wide end up , 2  x 18 t narrow  end up , and 1  x 2 0  t  wide end up 
ingots. Argon shrouding of the teem ing s tream  was again c a rrie d  out. The mould 
additive was suspended, additional amounts being added to ingots 1 , 2 , 4  and 5.
Oxygen was used on the ladle nozzle a fte r  teem ing the 3rd and 4th ingots.
The final p it analyses fo r the 3 tr ia l  cas ts  a re  given in Table 3 .1 0 .
(iv) M odifications in P rac tice
The following m ain changes from  the orig inal standard  p ra c tic e  (tr ia l C .l )  
w ere adopted fo r the two developm ent casts  ( tr ia ls  C .2  and C .3 ).
(a) Although a sulphur content of 0.006% was being achieved p rev io u sly , there  
appeared to be re a l  advantage in reducing this to 0.004%. In tr ia ls  C .2  and C .3  
desulphurisation was c a rrie d  out bym eans of a double refin ing s lag , the f i r s t  one being 
the norm al lim e s lag  and the second consisting  of D esulfex 75 which is  of h igher 
pu rity  and quicker fluxing. The analysis of Desulfex 75 is  given in Table 3 .1 1 .
When th is second refin ing slag  was fluxed and hot, the m etal was teem ed through the 
s lag . The m ain difference between the th ree  c as ts  in te rm s  of the desu lphurisation  
p rac tice  was in  the amount of D esulfex used . In an attem pt to achieve a  su lphur 
content of 0.004%, the amount of D esulfex used was in c reased  from  about 1 t (tr ia l C .l )  
to 1 .5  -  2 .0  t (tria ls  C .2  and C .3 ). In tr ia l  c a s t C .3 , p a r t  of the D esulfex  75 was a lso  
injected into the bath.
(b) Initial deoxidation was with 0.37% aluminium before the norm al refin ing slag  
was made up. F e rro -s ilico n  was added only a fte r the f i r s t  refining s lag  was fluxed. 
When the sulphur content was down to about 0. 012%, 0.09% alum inium  was added and 
the f i r s t  refin ing s lag  was rem oved. The Desulfex 75 slag  was then added and when 
th is s lag  was fluxed and hot and the tem pera tu re  and com position c o rre c t , the furnace 
was tapped at a  tem peratu re  of 1640°C.
(c) 0.05% alum inium  was added to the ladle during tapping. This was done by
in terrup ting  the tapping of the furnace when the ladle was approxim ately one th ird  
fu ll. The alum inium  was im m ersed  and then the rem ainder of the m etal and slag  was 
tapped into the lad le .
(d) Following the in itia l alum inium  addition, the to tal alum inium  content of the 
m etal was m aintained above 0.025% throughout refin ing , tapping and teem ing.
(e) The teem ing tem pera tu re  was 1590°C and the teem ing s tre am  was pro tec ted  
by an argon shroud of s im ila r  design to the one shown in F ig . 2 .81 .
(f) The ladle b rick s  w ere a lum ino-silica te  containing 70% A12 0 3  and no highly 
siliceous re fra c to ry  m a te ria l was in contact with the s tee l a t any tim e . D etails of 
the re fra c to rie s  fo r the th ree  tr ia l  casts  a re  given in Table 3 .12 .
(g) The mould additive was suspended in the moulds p r io r  to teem ing, instead of
being placed in the bottom .
SECTION 4 -  EXPERIMENTAL RESULTS
The natu re  and composition of the oxide inclusions p re sen t in the m etal 
sam ples from  the eight tr ia l casts  a re  described  in the following p a g es . The m ic ro ­
probe analyses of a ll the inclusions a re  p resen ted  together in Table 4 .1 . On the 
b a s is  of this inform ation, the possible  origins and m echanism s of form ation of the 
inclusions a re  d iscussed . This is followed by a m ore detailed d iscussion  in Section 5 
of the th esis .
4 .1  TRIAL CAST A .l  (LOW ALLOY STEEL)
4 .1 .1  Inclusions P re se n t in Furnace 
M etal 1
This sam ple, which was taken im m ediately before tapping, was re la tiv e ly  free  
from  inclusions, only occasional sm all s ilica tes  of the type shown in F ig . 4 .1 a  being 
observed . The p resence  of 40-50% CaO in these inclusions indicates that they o rig i­
nated from  furnace slag  entrained in the m etal during the boil.
4 .1 .2  Inclusions P re se n t in Ladle A fter Tapping 
M etal 2 and 3
Typical inclusions observed in these sam ples a re  shown in F ig s . 4 .1b  and l c .  
They w ere g lassy  m anganese a lum ino-silica tes containing sm all amounts of C r £ 0 3  
and CaO. These inclusions w ere deoxidation products originating from  the additions 
made to the ladle during tapping and the CaO probably a ro se  as a re su lt  of s ligh t 
contam ination by s lag  mixed into the m etal.
4 .1 .3  Inclusions P re se n t in Ladle During Vacuum D egassing 
M etal 5
The inclusions observed in this sam ple w ere single-phased , m anganese alum ino- 
s ilica te  deoxidation p ro d u c ts , F ig . 4 .2 a .
M etal 6
(i) L arge , g lassy  alum ino-silicate  deoxidation p roducts , F ig . 4 .2 b .
(ii) Complex inclusions consisting of an Mn0 -Si0 2 -C r 2 0 3  phase surrounded by 
a silica  shell, F ig . 4 .2 c . These w ere probably erosion  products resu lting  from  attack  
by m anganese (and to a le s s e r  extent by chromium) in the stee l on siliceous re fra c to ry  
m a te ria l. The m ost obvious source of the la tte r  was the siliceous cem ent used to 
re p a ir  the bottom of the ladle between h e a ts .
M etal 7 , 8  and 10
(i) Manganese a lum ino-silica tes containing varying amounts of AI2 O3 ,
F ig s . 4 .2d and 2e. It is  unlikely that they w ere pure ladle deoxidation products 
because the ir AI2 O3  contents w ere too high, indicating that they originated in p a r t 
from  another m ore highly aluminous sou rce . It would appear that these inclusions had 
originated from  two possible so u rc e s , e ith e r the ladle re fra c to rie s  o r the high alum ina 
cem ent of the degassing vesse l and that agglom eration with ladle deoxidation products 
had probably occurred  to some extent. In a  few in stan ces, these a lum ino-silica tes  
also  contained alum ina p a r t ic le s , F ig . 4 .3 a .
(ii) Duplex inclusions consisting of m u llite , 3 Al2 C>3 . 2 SiC)2 , within a m anganese 
alum ino-silicate  m atrix  containing a tra ce  amount of K2 O, F ig . 4 .3b . Only a  few 
inclusions of this type w ere observed. They w ere erosion  products re su ltin g  from  
m anganese attack on the firec lay  re fra c to rie s  of the ladle.
(iii) Single-phased m anganese a lum ino-silica tes containing about 1% K 2 O,
F ig . 4 .3 c , which w ere also  firec lay  erosion  products.
M etal I I  and 12
(i) Manganese a lum ino-silica tes containing trace  amounts of K2 O, F ig . 4 .3 d . 
These w ere undoubtedly ladle erosion  p roducts , the p resence  of CaO indicating con­
tam ination by slag , possibly from  slag  glaze on the re fra c to r ie s  although 12% CaO 
seem s a ra th e r  la rge  amount to originate solely  from  such a sou rce . An a lternative  
explanation is that i t  was picked up as a re su lt of agglom eration with ca lcareous s lag  
inclusions entrained in the liquid m etal during degassing.
(ii) Duplex inclusions consisting  of c ris tobalite  p a rtic le s  within a manganese 
silicate  m atrix , F ig . 4 .3 e . Only sm all amounts of AI2 O3  and C r 2 0 3  w ere p re sen t in 
these inclusions, which probably originated from  the siliceous m ate ria l used to re p a ir  
the ladle.
(iii) L a rg e , complex inclusions com prising Mg0 -C r 2 0 3  p a rtic le s  within a 
calcium  silica te  m a trix , F ig . 4 .3 f. The com position of the Mg0 -C r 2 O3  p hase , A, 
was close to that of p ic ro ch ro m ite , M gO.A^Og (stoichiom etric com position 79% 0 ^ 0 3 , 
21% MgO). Slight substitution of MgO by MnO and of C r 2 0 3  by AI2 O3  in the spinel 
la ttice  had occurred  in this c ase . The m a trix  itse lf  was duplex, containing la th -like  
c ry s ta ls , but only an average m atrix  analysis was obtained because of the e lectron  
beam  ’shining through’. These inclusions consisted of slag  globules containing spalled 
p a rtic le s  from  the m agnesite-chrom ium  re fra c to r ie s  of the degassing v e sse l.
4 .1 .4  Inclusions P re se n t in Ladle S tream  During Teeming 
Metal 15, 18, 20 and 22
(i) Complex inclusions consisting of c ris to b a lite , chrom ium  galaxite and 
cris tobalite-ch rom ium  galaxite eutectic within a m anganese s ilica te  m a trix , F ig . 4 .4 . 
At f i r s t  sight the morphology of the inclusion in F ig . 4 .4c  suggests that i t  could have 
dropped into the sam pling pot from  the end of the nozzle as the sam ple w as taken. 
H owever, it  was certa in ly  not a nozzle erosion  product as it only contained a sm all 
amount of AI2 O3  w hereas the re fra c to r ie s  of the sliding gate nozzle w ere highly a lum i­
nous . It seem s likely that these inclusions w ere ladle erosion  products o rig inating  
from  the siliceous cem ent used to re p a ir  the ladle and which had picked up chrom ium  
from  the m elt.
(ii) Duplex inclusions consisting of m anganese chrom ium  s ilica te  surrounded by 
a s ilica  shell, F ig . 4 .5 a . These w ere also  siliceous ladle erosion p roducts .
(iii) Manganese a lum ino-silica tes containing trace  amounts of K2 O, F ig . 4 .5 b . 
They w ere erosion  products resu lting  from  m anganese attack on firec lay  ladle 
re fra c to r ie s .
4 .1 .5  Inclusions P resen t in Ingots During Teeming 
Metal 14, 16, 17 and 19
(i) Duplex p a rtic le s  consisting of alum ina within a  manganese a lum ino-silicate  
m atrix  containing approxim ately 2% K2 O, F ig . 4 .6 a . The exact orig in  of these inclu­
sions was difficult to determ ine. D espite th e ir re la tive ly  high K2 O contents, it  seem s 
unlikely tha t they form ed as a re su lt of entrapm ent of verm iculite  mould additive 
because th e ir AI2 O3  contents w ere too high and th e ir MgO contents too low. (The full 
analysis of verm iculite  is given in Table 4 .2 .)  These p a rticu la r inclusions m ust th e re ­
fore have resu lted  from  erosion  of highly aluminous re fra c to ry  m a te ria l and the only 
two possible  sources of this w ere the high alum ina cem ent used on the vacuum 
degassing vesse l and the re fra c to rie s  of the sliding gate stopper. It is  tentatively  
suggested that erosion  of the cem ent was the m ore likely one as subsequent exam ination 
of the sliding gate stopper revealed very  little  w ear.
(ii) G lassy a lum ino-silica tes containing varying amounts of CaO and MgO,
F ig . 4 .6b . Only a few of these inclusions w ere observed and they orig inated  in p a r t 
from  entrained slag  as evidenced by the p resence  of CaO and MgO. They probably 
agglom erated with reoxidation products form ed during teem ing although th e ir  re la tive ly  
high AI2 O3  contents a lso  indicate contam ination by re fra c to ry  erosion  p ro d u c ts .
(iii) Manganese a lum ino-silicate  erosion products containing 1-2% K2 O,
F ig s . 4 .6c  and 6 d.
(iv) L arge , duplex inclusions consisting of cris tobalite  p a rtic le s  within a m an­
ganese alum ino-silicate  m a trix , F ig . 4 .7 a . These w ere holloware erosion  p ro d u c ts , 
probably originating from  siliceous jointing cem ent.
(v) Complex inclusions consisting of c ris tobalite  and chrom ium  galaxite -  
c ris tobalite  eutectic within a manganese s ilica te  m a trix , F ig . 4 .7 b . They w ere 
probably ladle erosion  products which had picked up chrom ium .
4 .1 .6  Inclusions P resen t in B illets
D espite the generally  high level of inclusions p re sen t in the liquid m etal during 
tapping, degassing and teem ing, the b ille t sam ples from  this tr ia l c as t contained very  
few non-m etallic  inc lu sions, only occasional a lum ino-silica te  s trin g e rs  of the types 
shown in F ig . 4 .8  being observed . They also  appeared to be duplex b u ti t  was not 
possib le  to d ifferentiate  between the different phases when using the e lec tron  probe 
m icroanalyser and so only average analyses a re  given. The presence  of up to 80% 
AI2 O3  indicates that they com prised alum ina within an a lum ino-silicate  m a trix . T heir 
orig in  was difficult to determ ine but because of th e ir  high AI2 O3  conten ts, it is  very  
unlikely that they w ere deoxidation p roducts. R ather they w ere erosion  products o r i ­
ginating from  highly aluminous re fra c to ry  m ate ria l and this was supported by the fact 
that occasionally , trace  amounts of K20  w ere detec ted , F ig . 4 .8 b . The only two 
possib le  sou rces of this erosion  w ere  the highly aluminous cem ent of the degassing  
vesse l and the sliding gate re f ra c to r ie s . It was not possib le  to de te rm in e , on the b asis  
of com position, from  which of these two sources the inclusions orig inated . H ow ever, 
o ther highly aluminous inclusions w ere observed during degassing and teem ing and in 
addition, subsequent visual exam ination of the sliding gate stopper revealed  very  little  
w ear of the high alum ina re fra c to r ie s . Consequently, the indications a re  tha t the alum ino- 
s ilica tes  in F ig . 4 .8  resu lted  from  erosion  of cem ent used on the degassing  v e sse l.
The re la tiv e  freedom  from  inclusions was confirm ed by to tal oxygen d e te rm i­
nations, Table 4 .3 .
4 .2  TRIAL CAST B . l  (FREE-CUTTING STEEL)
4 .2 .1  Inclusions P rese n t in Furnace D uring Steelm aking Period 
M etal 1
The use of oxygen during m elting down m eant that oxidation had o ccu rred  p r io r  
to m elt out. The resu lting  inclusions p re sen t in this sam ple w ere m anganese alum ino- 
s ilica tes  containing about 10% CaO, F ig s . 4 .9a  and 9b. The p resence  of p£05» Ti0 2
and 6 ulphur in addition to lim e in these inclusions indicates that they had originated 
from  slag  entrapped in the m etal by the turbulence caused by oxygen blowing. However, 
they w ere considerably  r ic h e r  in MnO, SiO£ and AI2 O3  than the bulk slag  a t the expense 
of a decreased  CaO content, Table 4 .4 . This indicates a dilution effect produced by 
the precip ita tion  of oxidation products on the entrapped slag  p a r t ic le s . A s im ila r  
effect has been observed previously  during basic  e lec tr ic  a rc  stee lm ak ing^  °^) # the 
SiO£, MnO and a t this early  s tage , the AI2 O3  being read ily  available from  the oxidation 
of silicon , m anganese and alum inium  in the charge.
M etal 2
This sam ple was taken approxim ately one minute a fte r an oxygen blow and the 
resu lting  inclusions w ere very  la rg e , F ig s . 4 .9c  and 9d. The inclusion in F ig . 4 .9 c  
consisted of (FeMn)O. (CrAl) 2 0 3  dendrites within a  m anganese a lum ino-silica te  m a trix  
containing a sm all amount of lim e . The p resence  of lim e indicates that i t  o rig inated  
in p a r t from  entrained slag , the MnO, Si0 2  and AI2 O3  contents increasing  as a  re su lt  
of oxidation of m anganese, silicon and alum inium  from  the bath . The 0 ^ 0 3  in th is 
inclusion m ust also  have resu lted  from  oxidation of chrom ium  in the m eta l, the dendritic  
spinel being p rec ip ita ted  within the liquid s ilica te  m a trix  on cooling.
The inclusion in F ig . 4.9d was a single-phased calcium  m anganese s ilic a te  
containing approxim ately 5% AI2 O3  and 20% CaO. It originated from  slag  entrapped 
in the m etal during the turbulence caused by oxygen blowing, the MnO and Si0 2  contents 
increasing  owing to oxidation of manganese and silicon  from  the m elt.
M etal 3
Typical inclusions p re se n t in this sam ple a re  shown in F ig s . 4 .1 0 a  and 10b. 
Although much sm a lle r , they w ere very  s im ila r in com position to those observed in 
the previous sam ple and had originated from  slag  entrained in the m etal during oxygen 
blowing.
M etal 4
There w ere very  few oxides in this sam ple. The duplex inclusion in F ig . 4.10c 
was the only one of its  type observed and consisted of (FeMnMg)O p a rtic le s  within a 
calcium  s ilica te  m a trix . It is  suggested that this p a rtic u la r  inclusion originated from  
erosion  of the hearth  r e f ra c to r ie s , the resu lting  MgO -  r ic h  erosion  p a rtic le s  then 
agglom erating with entrained slag .
M etal 5
This sam ple was taken only 2 \  m in a fte r the addition of ferro -m anganese  and 
with the electrode pow er on. Consequently, the inclusions p re sen t w ere entrapped slag  
p a rtic le s  of the type shown in F ig . 4 .10d. They w ere entrained in the m etal as a re su lt 
of the turbulent conditions under which this sam ple was taken.
4 .2 .2  Inclusions P re se n t in Ladle A fter Tapping 
M etal 6
Typical inclusions observed in this sam ple a re  shown in F ig . 4 .1 1 . They 
w ere la rge  m anganese s ilica tes  containing varying amounts of AI2 O3 , CaO and su lphur. 
The complex inclusion in F ig . 4 .11a  apparently  consisted of laths of tep h ro ite , 2MnO. 
S i02 , together with finely c ry sta llised  MnS. Because of the fine n a tu re  of these p h a se s , 
how ever, only an average inclusion analysis was possib le . Small am ounts of CaO and 
AI2 O3  w ere a lso  p re sen t and it is  suggested therefo re  that this inclusion orig inated in 
p a r t  from  slag  mixed into the m etal during tapping. The entrained s lag  p a rtic le  then 
reacted  with m anganese, sulphur and oxygen in the s tee l so tha t its  MnO and MnS 
contents increased  and its  CaO content decreased  by dilution. The ov era ll m echanism  
of this reaction  probably involved the following individual reactions —
(i) reduction of the sm all amount of FeO in the s lag  p a rtic le
(ii) solution of sulphur in the liquid inclusion
(iii) p recip ita tion  of M nO-rich deoxidation/reoxidation products on the 
entrained slag  p a rtic le .
The single-phased s ilica te  in F ig . 4 .11b contained much m ore AI2 O3  than the 
la tte r  inclusion. In addition, i t  contained a tra ce  of K2 O and this suggests that it was 
a re fra c to ry  erosion  product, probably originating from  the lad le. Chem ical analysis 
showed that none of the ladle additions contained any K2 O. The 5% CaO in this inclu­
sion probably came from  slag  glaze on the ladle re fra c to r ie s . A lternatively , it  was 
picked up as a  re su lt  of agglom eration with s lag  mixed into the m etal during tapping.
The inclusion in F ig . 4 .11c consisted  of MnO and MnS dendrites within a 
calcium  m anganese s ilica te  m atrix  and had also  originated from  slag  en trained  in the 
m etal during tapping. In th is c a se , how ever, extensive precip ita tion  of M nO -rich 
deoxidation/reoxidation products on the entrained slag  p a rtic le  had o c c u rre d .
4 .2 .3  Inclusions P re se n t in Ladle S tream  During Teem ing 
M etal 8 , 10 and 12
Typical inclusions p re sen t in these sam ples a re  shown in F ig . 4 .1 2 . The 
la rg e , g lassy  m anganese a lum ino-silica te  in F ig . 4 .12a  contained a tra c e  am ount of 
K2 O and was a lad le , stopper o r nozzle erosion  product.
The inclusions in F ig s . 4.12b and 12c consisted of galaxite sp inel, MnO.AlgOg 
within a m anganese a lum ino-silicate  m atrix  containing about 1% K2 0 .  They w ere lad le , 
s topper o r nozzle erosion p roducts . The faceted morphology of the M nO .A ^O s phase 
in F ig . 4.12b indicates that i t  was p re sen t p r io r  to cooling, w hereas the dendritic  
morphology of the spinel in F ig . 4 .12c indicates that it  form ed during cooling.
The com plex inclusion in F ig . 4.12d consisted  of (FeMn)O and MnS dendrites  
in a  m anganese silica te  m atrix  containing sm all amounts of A ^O g and C ^ O g . It is 
suggested that th is was a deoxidation/reoxidation product form ed during  tapping an d /o r 
teem ing.
The inclusion in F ig . 4 .12e consisted  of (FeMn)O and MnS dend rites  within a  
m anganese s ilica te  m atrix  containing sm all amounts of AI2 O3 , CaO and T i0 2 »
Because of the fine nature of the individual p h ases , how ever, only an average  analysis  
is  given. The orig in  of this p a rtic u la r  inclusion type was difficult to d e te rm in e .
Despite the fact that KgO could not be detected , i t  is  s till possible that it  form ed as 
a  re su lt of re frac to ry  erosion . A lternatively , it  originated from  slag  entrained in 
the m etal during tapping and subsequently acted as a  hetergeneous nucleus fo r the 
precip ita tion  of deoxidation/reoxidation products and the solution of su lphur. This 
resu lted  in a dilution of the CaO content and the precip ita tion  of (FeMn)O and MnS 
d en d rite s .
4 .2 .4  Inclusions P re se n t in Ingots D uring Teem ing 
M etal 7 , 9 and 11
Typical inclusions observed in these sam ples a re  shown in F ig . 4 .1 3 . The 
m anganese alum ino-silicate  inclusion in F ig . 4 .13a contained a trace  am ount of K2 O 
and was therefo re  a  lad le , s topper, nozzle o r holloware erosion  product.
The inclusions in F ig s . 4.13b and 13c consisted of MnO and MnS dendrites 
within a m anganese s ilica te  m a trix . As no CaO, K2 O, Ti0 2  o r P 2 O5  was detected in 
these s ilic a te s , i t  is  suggested that they w ere deoxidation/reoxidation products form ed 
during tapping an d /o r teem ing.
The inclusion in F ig . 4.13d consisted  of MnO and MnS within a m anganese 
s ilica te  m atrix  containing sm all amounts of AlgOg, CaO and TiOg. Although K^O 
could not be detected , i t  could s till  have form ed as  a  re su lt  of re fra c to ry  e ro sio n , 
although it  is also  possib le  that it originated from  slag  entrained in the m eta l during 
tapping and subsequently reacted  with m anganese, sulphur and oxygen in the s te e l.
4 .2 .5  Inclusions P re se n t in B illets
Typical s tr in g e r inclusions observed in selected  b ille t sam ples from  the 
p re sen t tr ia l ca s t a re  shown in F ig . 4 .1 4 . They consisted of galaxite sp inel, MnO. 
AI2 O3  and MnS p a rtic le s  within a  m anganese s ilica te  m a trix  containing a tra ce  am ount 
of K2 O. The p resence  of M nO.A^Og p a rtic le s  together with K2 O indicates tha t these 
s tr in g e r inclusions w ere erosion  products orig inating from  glaze on re f ra c to r ie s .  The 
m ajo rity  of these inclusions w ere p re sen t in the bottom  b ille t sam ples: by com parison , 
the m iddle and top b ille t sam ples w ere re la tiv e ly  clean . The la tte r  observation  was
confirm ed by determ ining the total oxygen and silicon contents of the b ille t sam ples. 
F igure  4.15 shows the variation  in total oxygen content from  b ille t edge to cen tre ,
F ig . 4.16 illu s tra te s  the varia tion  in to tal oxygen content from  ingot top to bottom  and 
F ig . 4.17 shows the corresponding varia tion  in to tal silicon content (determ ined on 
cen tre  sam ples only).
4 .2 .6  V ariation in Total Silicon Content During Steelm aking,
Tapping and Teeming
The varia tion  in the silicon content of the bath , ladle and s tre am  sam ples is  
shown by the solid line in F ig . 4 .18 . The corresponding variation in the silicon  content 
of the ingot sam ples is  shown by the broken line.
4 .3  TRIAL CAST B . 2 (FREE-CUTTING STEEL)
The re su lts  of this t r ia l  cas t a re  sum m arised  in F ig s . 4 .19  -  4 .2 2 , from  
which it can be seen  that they w ere very  s im ila r  to those of the previous one. This 
is not su rp ris in g  in view of the s im ila ritie s  in p ra c tic e . The only d ifference in the 
types of inclusions p re sen t in the m etal sam ples was that during the teem ing of tr ia l  
c a s t B .2 , occasional complex calcium  s ilica te s  containing MgO p a rtic le s  w ere o b se r­
ved, F ig . 4 .23 . It is  suggested that these s ilica te s  originated during tapping as a 
re su lt of the pick-up of MgO p a rtic le s  by the s lag  from  the m agnesite-coated  launder 
of the fu rnace. They w ere entrained in the m etal by the fo rce  of the tapping s tre am  
and subsequently passed  into the ingots during teem ing. Although it is  su rp ris in g  that 
an inclusion of the size  shown in F ig . 4.23 was not elim inated in the la d le , i t  is  
em phasised that only a  few such inclusions w ere observed in the liquid m eta l sam ples 
and they w ere not observed in the b ille t sam ples.
4 .4  TRIAL CAST B .3  (FREE-CUTTING STEEL)
The re su lts  of this tr ia l  c a s t, which a re  sum m arised  in F ig s . 4 .2 4  -  4 .2 7 , 
w ere again very  s im ila r  to those of tr ia l cast B . l .  As there  was no d ifference  in the 
types of inclusions observed , m icrographs of inclusions from  the p re se n t c a s t a re  no t 
shown.
4 .5  TRIAL CAST B .4  (FREE-CUTTING STEEL)
The re su lts  of this final free-cu tting  s tee l tr ia l  a re  sum m arised  in F ig s . 4.28 -  
4 .31 . Once again they w ere very  s im ila r  to the re su lts  of the previous tr ia l  c as ts  in 
this s e r ie s .  In p a r tic u la r , th e re  was no difference in the types of inclusions observed 
in the m etal sam ples and therefo re  inclusion m icrographs a re  again om itted . However, 
a m ajor d ifference was observed in the variation in silicon content shown in F ig . 4 .31 . 
In th is final t r ia l ,  two sam ples w ere taken from  the ladle a fte r tapping and the second 
of these had a much h igher silicon content than the f i r s t ,  i . e .  in th is t r i a l ,  s ilicon
pick-up by the liquid m etal was d irec tly  observed in the ladle w hereas in the th ree
previous t r ia ls ,  it was observed only in the s tream  sam ples. The reaso n s fo r  this 
a re  d iscussed  in Section 5.
4 .6  TRIAL CAST C .l  (CARBON-MANGANESE-NIOBIUM STEEL)
4 .6 .1  Inclusions P re se n t in Furnace During Steelm aking Period 
M etal 1, 2 and 3
During the oxidation p e rio d , the inclusions p re sen t w ere calcium  s ilic a te s  con­
taining varying amounts of AI2 O3 , MgO and MnO together with trace  am ounts of P 2 C>5 » 
TiC> 2 and S, F ig . 4 .3 2 a . They originated from  slag  entrained in the m eta l during the 
turbulence caused by oxygen blowing. In som e c a se s , how ever, they w ere  considerably  
r ic h e r  in MnO and Si0 2  than the bulk slag  a t the expense of a decreased  CaO content. 
This was the re su lt of a dilution effect produced by the precip ita tion  of oxidation 
products on the entrained slag  p a r t ic le s .
M etal 4
The inclusions p re sen t in this sam ple which was taken a fte r the addition of the 
fe rro -s il ic o n , w ere g lassy  s ilica te s  containing approxim ately 70% Si0 2  together with 
varying amounts of MnO and AI2 O3 , F ig . 4 .32b. They w ere conventional deoxidation 
p ro d u c ts .
Metal 5
The inclusions in this sam ple taken a fte r  the initial addition of alum inium  
w ere duplex m anganese a lum ino-silica tes containing alumina p a r tic le s , F ig . 4 .32c . 
They resu lted  from  reaction  between the alum inium  and the p re -ex is tin g  s ilica te  
deoxidation p ro d u c ts .
Metal 6
(i) Calcium s ilica te  inclusions resu lting  from  the en trainm ent of s lag  in the 
liquid m eta l, F ig . 4 .32d.
(ii) Manganese a lum ino-silica tes containing p a rtic le s  of alum ina, F ig . 4 .3 2 e . 
These duplex p a rtic le s  w ere products of reaction  between p re -ex is tin g  s ilic a te s  
resu lting  from  fe rro -s ilico n  deoxidation and the alum inium  added to the s tee l.
M etal 7 and 8
(i) Calcium silica te  inclusions resu ltin g  from  the en trainm ent of s lag , 
possib ly  when the fe rro -m anganese  and ferro -n iob ium  additions w ere m ade, F ig . 4 .32f.
(ii) Single-phased m anganese a lum ino-silica te  deoxidation/reoxidation 
p roducts , F ig . 4 .32g.
4 .6 .2  Inclusions P re se n t in Ladle A fter Tapping 
M etal 9
(i) G lassy calcium  alum ino-silica tes resu ltin g  from  the en tra inm ent of s lag  
in the liquid m etal during tapping, F ig . 4 .33a .
(ii) Duplex inclusions consisting of MgO dendrites within a  calcium  alum ino- 
s ilica te  m a trix , F ig . 4 .33b. These inclusions also  resu lted  from  the en tra inm ent of 
s lag  during tapping. However, th e ir MgO contents w ere increased  as a re s u lt  of 
contam ination by m agnesite re fra c to ry  erosion  products from  the fu rn ace , taphole 
o r launder.
4 .6 .3  Inclusions P resen t in Ladle S tream  During Teeming 
M etal 11, 13, 15 and 17
(i) G lassy m anganese s ilic a te s  containing varying amounts of AI2 O3 , F ig . 4 .34a . 
These inclusions w ere e ither deoxidation p ro d u c ts , o r m ore likely reoxidation products 
form ed during tapping and teem ing.
(ii) Single-phased m anganese a lum ino-silica tes containing trace  am ounts of 
K2 O, F ig . 4 .34b , which w ere ladle glaze erosion  p ro d u c ts .
4 .6 .4  Inclusions P re se n t in Ingots During Teeming 
M etal 10, 12, 14 and 16
(i) Single-phased m anganese a lum in o -s ilica tes , F ig . 4 .35a . T heir size  and 
shape as well as the ir composition and the fact that there w ere very  many s im ila r  
inclusions in these sam ples indicate that they originated from  the mould additive 
placed in the bottom of the moulds p r io r  to teem ing. During teem ing, the turbu len t 
flow of the m etal into the moulds resu lted  in the entrainm ent of mould additive in the 
liquid m eta l. This mould additive then reacted  with manganese and alum inium  in the 
s te e l.
(ii) Manganese a lum ino-silica tes containing sm all amounts of CaO together with 
tra c e  amounts of K2 O, F ig . 4 .35b. In som e c a se s , these a lum ino -silica tes  a lso  con­
tained alum ina p a rtic le s . They w ere erosion  products resu lting  from  a ttack  by 
m anganese in the s tee l on alum ino-silicate  re fra c to r ie s . As these w ere ingot sam p les , 
the inclusions w ere ladle or hollow are erosion  p ro d u c ts .
(iii) Duplex inclusions consisting of (MnMg)O. AI2 O3  p a rtic le s  within a m anganese 
a lum ino-silica te  m atrix  containing a trace  amount of K2 O, F ig . 4 .3 5 c . They w ere 
com plex erosion  products originating in p a r t  from  m agnesite re fra c to ry  m a te r ia l, and 
only a  few such inclusions of this type w ere observed com pared with those from  the 
mould additive.
(iv) Duplex inclusions consisting of MgO. AI2 O3  p a rtic le s  within a  calcium  
alum inate m a trix , F ig . 4 .35d. They resu lted  from  reaction  between alum inium  in the
s tee l and the s lag /m agnesite  e rosion products entrained in the m etal during tapping. 
Again, only a few inclusions of this type w ere observed com pared with those from  the 
mould additive.
4 .6 .5  V ariation in Aluminium Content
The varia tion  in the alum inium  content of the fu rn ace , ladle and ingot sam ples 
is  shown in F ig . 4 .36 . The corresponding varia tion  in the alum inium  content of the 
ladle s tream  sam ples is  shown in F ig . 4 .3 7 . In each c a se , the to tal alum inium  content 
is given in te rm s of the acid soluble and insoluble com ponents. The fo rm er is  approxi­
m ately  equivalent to the alum inium  p re sen t in solution in the m eta l, and the la tte r  to 
the alum inium  p re sen t as AI2 O3 . It can be seen from  F ig . 4.36 that the to ta l a lum i­
nium content increased  to 0.009% a fte r  the in itia l fe rro -s ilico n  and alum inium  
additions, this alum inium  being p re se n t m ainly as AI2 O3 . Subsequently, the to tal 
alum inium  content decreased  during the refining period  to 0. 003%.
The to tal alum inium  content of the sam ple taken from  the ladle a fte r  tapping 
was 0.010%, 0 . 006% of th is being soluble alum inium . During teem ing, the soluble 
alum inium  content of the ingot sam ples rem ained constant a t 0.006% but the insoluble 
alum inium  content fluctuated quite considerably as a  re su lt of varia tions in the am ounts 
of AI2 O3  inclusions p re sen t in the sam p les . This was p a rticu la rly  high in the cases  of 
the sam ples taken a fte r  teem ing the 3rd and 4th ingots.
The total aluminium content of the ladle s tre am  sam ples, F ig . 4 .3 7 , a lso  
varied  slightly  as a re su lt of corresponding varia tions in the insoluble alum inium  
content.
4 .6 .6  Through-Thickness Tensile R esults
The average through-thickness reduction of a re a  values for the whole c a s t 
w ere as follows:-
Edge Centre Total
36% 31% 34%
4 .7  TRIAL CAST C .2  (CARBON-MANGANESE-NIOBIUM STEEL)
4 .7 .1  Inclusions P resen t in Furnace During Steelm aking Period 
M etal 1
The inclusions in this sam ple taken a fte r the in itia l addition of alum inium  w ere 
la rg e  show ers of alum ina deoxidation p ro d u c ts , F ig . 4 .3 8 a .
M etal 2
This sam ple was taken 5 j  m inutes a fte r the fe rro -s ilico n  addition. However, 
the inclusions p resen t w ere s till  show ers of alum ina deoxidation p a r tic le s , F ig . 4 .38b, 
indicating that the level of alum inium  in the m elt a t this stage was sufficient to p reven t 
the form ation of globular s ilica te  deoxidation p ro d u c ts .
M etal 3
(i) Sm all, iso lated  alum ina deoxidation p ro d u c ts , F ig . 4 .38c .
(ii) Sm all, spherica l m anganese a lum ino-silica tes probably re su ltin g  from  
sligh t reoxidation of the m eta l, F ig . 4 .38d. This sam ple was re la tiv e ly  free  from  
non-m etallic  inclusions.
M etal 4
(i) Sm all, iso lated  alum ina deoxidation p ro d u c ts , F ig . 4 .38c .
(ii) Duplex inclusions consisting of alum ina within a calcium  a lu m ino -silica te  
m a trix , F ig . 4 .38f. They resu lted  from  the entrainm ent of s lag  in the liquid m etal 
when the bath was paddled.
M etal 5
This sam ple contained very  few inclusions, only sm a ll, secondary alum ino- 
s ilica te s  which w ere form ed on cooling being observed , F ig . 4 .38g. (Because of the 
electron  beam  'shining through' the sm all inclusion in F ig . 4 .38g into the surrounding  
iron  m a trix , its  analysis is not given.)
M etal 6
(i) Sm all, iso lated  alum ina deoxidation products resu ltin g  from  the fu r th e r  
addition of alum inium , F ig . 4 .38h.
(ii) Rings of alum ina c ry s ta ls  resu lting  from  the com plete reduction of 
alum ino-silicate  inclusions by alum inium , F ig . 4 .38 i. The m echanism  of form ation 
of these alum ina rings has been studied in detail previously^22’
(iii) Duplex inclusions consisting of MgO dendrites within a calcium  alum inate 
m a trix , F ig . 4 .38 j. They resu lted  from  the en trainm ent of s lag  in the liquid m etal 
when the bath was paddled . The re la tive ly  high MgO content of the s lag  was caused 
by erosion of m agnesite furnace re fra c to r ie s .
(iv) G lassy m anganese a lum ino-silica tes  which in som e cases  contained p a rtic le s  
of galaxite, M nO.Al2 0 3 , F ig . 4 .38k. These inclusions probably re su lted  from  sligh t 
reoxidation of the m eta l when the bath was paddled.
M etal 7
This sam ple contained duplex inclusions consisting of MgO dendrites within a 
calcium  alum ino-silicate  m a trix , F ig . 4 .3 9 a . They again resu lted  from  the e n tra in ­
m ent of s lag , possib ly  caused by the turbulence c reated  when the fe rro -m an g an ese  
and ferro-n iob ium  additions w ere m ade.
M etal 8
This sam ple also  contained duplex M gO/calcium  alum inates re su ltin g  from  
slag  en tra inm ent, F ig . 4 .39b , possib ly  caused by the turbulence c rea ted  by the a rc  
during heating to 1640°C p r io r  to tapping.
4 .7 .2  Inclusions P rese n t in Ladle A fter Tapping 
M etal 9
As expected, this sam ple contained calcium  alum inates resu ltin g  from  the 
en tra inm ent of s lag  in the liquid m etal during tapping, F ig . 4 .40a . Many of these 
inc lusions, how ever, contained considerable quantities of MgO in the fo rm  of second 
phase p a r tic le s , F ig . 4 .40b. This indicates contam ination of the slag  by m agnesite  
re fra c to r ie s  as Desulfex 75 contains only about 1% MgO. The MgO in these inclusions 
originated from  the furnace an d /o r taphole an d /o r launder re f ra c to r ie s .
4 .7 .3  Inclusions P re se n t in Ladle S tream  During Teeming 
M etal 12, 14, 16 and 18
(i) L a rg e , single-phased m anganese s ilica te s  containing varying amounts of 
AI2 O3 , F ig . 4 .41a . As these inclusions contained no CaO, K2 O, o r MgO, they w ere 
a lm ost certain ly  exogenous reoxidation products form ed during sam pling. As stated 
previously , the ladle s tream  sam ples w ere taken with the argon shroud turned off and 
therefo re  the sam pling conditions w ere the sam e as those fo r a norm al a ir-te em ed  
ca s t. The inclusion in F ig . 4.41b a lso  appeared to be a reoxidation p roduct although 
in this case  i t  contained sm all angular p a r tic le s . Unfortunately, these  p a rtic le s  w ere 
too sm all fo r accurate  analysis and th e re fo re  only an average inclusion analysis is  
given.
(ii) Duplex inclusions consisting of alum ina p a rtic le s  within a m anganese 
a lum ino-silicate  m atrix  containing a tra ce  amount of K2 O, F ig . 4 .4 1 c . They w ere  
erosion  products resu lting  from  attack  by m anganese in the s tee l on a lum ino -silica te  
re fra c to r ie s . As these w ere s tre am  sam p les , they w ere lad le , s topper o r  nozzle 
erosion  p ro d u c ts . T heir exact origin is considered in g re a te r  detail la te r  when the 
types of re fra c to rie s  used in the tr ia l  casts  a re  d iscussed .
(iii) Duplex inclusions consisting of galax ite , MnO.AlgOg, p a rtic le s  within 
a  m anganese a lum ino-silica te  m atrix  containing a  trace  am ount of K^O, F ig . 4 .41d . 
These w ere a lso  la d le , stopper o r nozzle e rosion  products resu ltin g  from  m anganese 
a ttack .
4 .7 .4  Inclusions P re se n t in Ingots During Teem ing 
M etal 10, 11, 13, 15 and 17
(i) Duplex inclusions consisting of M gO.A^Og within a  m anganese a lum ino- 
s ilica te  m atrix  containing a  trace  amount of K2 O, F ig . 4 .42a . The p re sen ce  of MgO 
indicates that they originated as a re su lt of m agnesite re fra c to ry  e ro sio n . H ow ever, 
unlike M gO-rich inclusions observed prev iously , they contained very  little  CaO and
w ere not th e re fo re  derived from  the ladle slag . It is suggested that these inclusions 
originated from  M gO-rich furnace re fra c to ry  ( i .e . fu rnace, taphole, launder) d is ­
p e rsed  in the stee l during tapping. Subsequently, they acted as exogenous nuclei for 
the precip ita tion  of MnO, Si0 2  an(  ^ ^ 2 ^ 3  £*ve inclusions of the type shown in 
F ig . 4 .42a .
(ii) Duplex inclusions consisting of alum ina p a rtic le s  within a m anganese 
a lum ino-silicate  m atrix  containing a tra ce  amount of K2 O, F ig . 4 .42b. These inclu­
sions w ere very  s im ila r  to those observed in the s tream  sam ples, cf F ig . 4 .41c .
They w ere erosion products resu lting  from  manganese attack on a lum ino-silica te  
re fra c to r ie s .
(iii) Duplex inclusions consisting of M gO.A^Og p a rtic le s  within a  calcium  
alum inate m a trix , F ig . 4 .42c . These resu lted  from  reaction  between alum inium  in 
the s tee l and slag /m agnesite  erosion products entrained in the m etal during  tapping.
(iv) Single-phased m anganese a lum ino-silica tes containing sm all am ounts of 
K2 O and CaO, F ig . 4 .42d. These w ere a lso  a lum ino-silica te  erosion  products typical 
of manganese attack  on firec lay  re fra c to rie s .
(v) Sm all, iso lated  alum ina deoxidation p ro d u c ts , F ig . 4 .42e .
(vi) Single-phased m anganese s ilica tes  containing varying am ounts of AI2 O3 , 
F ig . 4 .42f. The exact orig in  of these inclusions was difficult to determ ine on the 
b a sis  of com position. Although they contained no K2 O, they could s til l  have orig inated  
as a  re su lt of re frac to ry  erosion . A lternatively , they w ere reoxidation p roducts 
form ed during tapping an d /o r teem ing.
4 .7 .5  V ariation of Aluminium Content
The varia tion  in the alum inium  content of the fu rn ace , ladle and ingot sam ples 
with tim e is  shown in F ig . 4 .43 and the corresponding varia tion  of the ladle s tre am  
sam ples is shown in F ig . 4 .44 . It can be seen from  F ig . 4 .43 that the soluble 
alum inium  content was m aintained above 0.025% during the refining period  and was 
about 0.030% p r io r  to tap. A fter tapping, i t  dropped to approxim ately 0.026% in the
lad le . During teem ing, the soluble alum inium  content of the ingot sam ples was 
0.01 -  0.02%, F ig . 4.43 and that of the s tream  sam ples was 0.015 -  0.023%,
F ig . 4 .44 .
The total aluminium content of the sam ples again fluctuated quite considerably 
during refin ing , tapping and teem ing as a re su lt  of a  corresponding varia tion  in the 
insoluble alum inium  content caused by differences in the num ber of alum inous inclu­
sions p re sen t in the sam p les .
4 .7 .6  V ariation in Sulphur Content
The varia tion  in the sulphur content of the fu rnace, ladle and ingot sam ples 
with tim e is  shown in F ig . 4 .45  and the corresponding variation  in the sulphur content 
of the s tream  sam ples is shown in F ig . 4 .46 . During tapping, the sulphur content 
was lowered from  0.012% to 0. 005%. The sulphur content of the ingot sam ples was 
0.006/0.007% , F ig . 4 .45  and the sulphur content of the s tream  sam ples was 0 .0 0 5 /
0.007%, F ig . 4 .46 .
4 .7 .7  Through-Thickness Tensile R esults
The average through-thickness reduction of a re a  values for the whole cas t 
w ere as follows:-
Edge Centre Total
51% 52% 51%
These re su lts  w ere very  good and they showed a m arked im provem ent over the 
average through-thickness re su lts  obtained with the previous standard p ra c tic e .
4 .8  TRIAL CAST C .3 (C ARB ON -MAN GANE SE -NIOBIUM STEEL)
4 .8 .1  Inclusions P resen t in Furnace During Steelm aking Period 
M etal 2
(i) C lusters of alum ina deoxidation p roducts , F ig . 4 .47a .
(ii) Calcium  a lum ino-silica tes resu lting  from  en trainm ent of s lag  in the 
liquid m eta l, F ig . 4.47b.
M etal 3
This sam ple contained ve ry  few inclusions, those observed being m ainly 
duplex p a rtic le s  consisting of alum ina within a m anganese a lum ino-silica te  m a trix ,
F ig . 4 .47c . They w ere probably reoxidation products form ed when the bath was 
paddled following the FeSi addition. Some of the alum ina p a rtic le s  m ay have acted as 
nuclei fo r the p recip itation  of the MnO, Si0 2  and AI2 O3 . A lternatively , they w ere 
p rec ip ita ted  within the inclusion m a trix  as a  re su lt of reaction  with alum inium  in the 
s tee l.
M etal 4
This sam ple a lso  contained very  few inc lu sions, only sm all isolated alum ina 
deoxidation products being observed , F ig . 4 .47d.
M etal 5
The inclusions p re sen t in this sam ple w ere spherica l calcium  a lu m in o -s ilica tes  
resu lting  from  the injection of D esulfex, F ig . 4 .47e .
M etal 6  and 7
(i) Sm all, isolated alum ina deoxidation p ro d u c ts , F ig . 4 .47f.
(ii) Calcium alum ino-silica tes resu lting  from  slag  en tra inm ent, F ig . 4 .47g .
(iii) Manganese a lum ino-silica te  inclusions, F ig . 4 .47h. These possib ly  
resu lted  from  slight reoxidation of the m etal.
M etal 8
This sam ple, which was taken about 3 j  m in a fte r the final fe rro -a llo y  add itions, 
contained duplex inclusions consisting of alum ina p a rtic le s  within a calcium  m anganese 
a lum ino-silicate  m atrix , F ig . 4 .47 i. They w ere probably s lag /reox idation  p ro d u c ts . 
H ow ever, the morphology of the inclusion in F ig . 4 .47 i was very  unusual. It appears  
tha t the a lum ino-silicate  phase was p rec ip ita ted  on the alum ina which ac t ed as an 
exogenous nucleus. The following m echanism  is therefo re  proposed fo r the form ation 
of this p a rtic u la r  inclusion. In itially , the la rg e  alum ina p a r tic le , which orig inated
e ith e r  from  aluminium deoxidation/reoxidation of the m elt o r from  alumina p resen t 
in the D esulfex, was p re sen t in the furnace s lag  lay er. It was subsequently entrained 
in the m etal by the turbulence c reated  when the fe rro -a llo y s  w ere added. At this 
s tage , the alum ina p a rtic le  was contained within a globule of liquid slag . P recip ita tion  
of MnO and Si0 2  reoxidation products on the entrained s lag  p a rtic le  then caused its  
MnO and Si0 2  contents to in c rease  and its  CaO content to decrease  by dilu tion , giving 
the inclusion in F ig . 4 .4 7 i.
4 .8 .2  Inclusions P resen t in Ladle a fte r Tapping 
M etal 9
This sam ple contained calcium  alum inates resu lting  from  the en tra inm ent of 
s lag  in the liquid m etal during tapping, F ig . 4 .4 8 . They again contained considerable 
quantities of MgO in the form  of second phase m agnesite p a r tic le s , but because of 
th e ir  sm all s iz e , only an average analysis is  given. This indicates contam ination by 
m agnesite re fra c to ry , but unlike the previous t r ia l ,  very  few M gO-rich inclusions 
w ere observed in the furnace during steelm aking. It is  suggested, th e re fo re , that in 
this case they w ere s lag /m agnesite  taphole or launder erosion  products ra th e r  than 
pu re  furnace slag .
Again com pared with the corresponding inclusions in the previous tr ia l  c a s t, 
they w ere considerably sm a lle r and this indicates perhaps that there  was le ss  s lag - 
m etal mixing during tapping in this c a s t. This is supported by the fact that sulphur 
rem oval during tapping was le ss  (0.010% to 0. 007%) than in the previous tr ia l  c a s t 
(0.012% to 0.005%).
4 .8 .3  Inclusions P resen t in Ladle Stream  During Teem ing 
M etal 11, 14, 16 and 18
(i) Single-phased m anganese s ilica tes  containing varying am ounts of AI2 O3 , 
F ig . 4. 49a. As these inclusions contained no K2 O, CaO o r  MgO, they w ere  a lm ost 
certa in ly  exogenous reoxidation products form ed during sam pling. The ladle s tre am  
sam ples w ere taken with the argon shroud turned off and therefore  the sam pling
conditions w ere the sam e as those for a norm al a ir-teem ed  c as t.
(ii) Duplex inclusions consisting of alum ina p a rtic le s  within a m anganese 
a lum ino-silicate  m atrix  containing a trace  amount of K2 O, F ig . 4 .49b. They w ere 
erosion products resu lting  from  attack  by m anganese in the stee l on a lum ino-silicate  
re fra c to r ie s . As these w ere s tre am  sam ples, they w ere lad le , stopper o r nozzle 
erosion p ro d u c ts .
(iii) Duplex inclusions consisting of MnO.AlgOg p a rtic le s  within a m anganese 
a lum ino-silica te  m atrix  containing a tra ce  amount of K2 O, F ig . 4 .4 9 c . These w ere 
a lso  lad le , nozzle o r stopper erosion products resu lting  from  m anganese a ttack . In 
the inclusion shown, m etal globules have acted as nuclei fo r galaxite p recip ita tion  
from  the solid m a trix  during cooling of the sam ple. A s im ila r  reaction  m echanism  
has been observed previously  by Kies'slingO-).
4 .8 .4  Inclusions P re se n t in Ingots During Teeming 
Metal 10, 12, 13, 15 and 17
(i) Duplex inclusions consisting of alum ina p a rtic le s  within a  m anganese 
a lum ino-silica te  m atrix  containing a tra ce  amount of K2 O, F ig . 4 .50a . These inclu­
sions w ere erosion products resu lting  from  m anganese attack on a lum ino -silica te  
re fra c to r ie s .
(ii) Single-phased m anganese a lum ino-silica tes containing sm all am ounts of 
K2 O and CaO, F ig . 4 .50b. These w ere erosion  products typical of m anganese a ttack  
on firec lay  re f ra c to r ie s .
(iii) Single-phased m anganese s ilica tes  containing varying am ounts of AI2 O3 , 
F ig . 4 .50c . Although they contained no K2 O, they could s till have orig inated  as a 
re su lt  of re fra c to ry  erosion . A lternatively , they w ere reoxidation p roducts form ed 
during tapping a n d /o r teem ing.
4 .8 .5  V ariation in Aluminium Content
The varia tion  in the alum inium  content of the fu rn ace , ladle and ingot sam ples 
with tim e is shown in F ig . 4 .5 1 . The corresponding varia tion  of the ladle s tre a m
sam ples is  shown in F ig . 4 .52 . It can be seen from  Fig . 4.51 that the soluble 
aluminium content was m aintained above 0. 035% during the refining period  and was 
about 0 . 05% p r io r  to tap. A fter tapping, it  dropped to approxim ately 0.04% in the 
lad le . D uring teem ing, the soluble alum inium  content of both the ingot and ladle 
s tream  sam ples was 0 .035/0.04% , F ig s . 4.51 and 4 .52 .
In this c a s t, the to tal alum inium  content followed the soluble alum inium  content 
quite closely as a  re su lt  of the generally  consisten t and low insoluble alum inium  
content, the la tte r  rem aining a t about 0 . 0 1 % throughout.
4 .8 .6  V ariation in Sulphur Content
The varia tion  in the sulphur content of the fu rnace, ladle and ingot sam ples 
with time is  shown in F ig . 4.53 and the corresponding variation of the ladle s tre am  
sam ples is  shown in F ig . 4 .54 . It can be seen from  F ig . 4 .53 that injection of p a r t 
of the Desulfex before the second addition of alum inium  was not effective in rem oving 
sulphur. However, during the final stages of refining with the full D esulfex s lag , the 
sulphur content dropped from  0. 016% to about 0.010% p rio r  to tapping. A fter tapping, 
it  dropped to approxim ately 0.007% in the lad le . D uring teem ing, the sulphur content 
of the ingot sam ples was 0.006/0.007% , F ig . 4 .53 and the sulphur content of the 
s tream  sam ples was 0.005/0.006% , F ig . 4 .54 .
4 .8 .7  Through-Thickness Tensile R esults
The average through-thickness reduction of a re a  values for the whole c a s t 
w ere as follows :-
Edge C entre Total
56% 49% 53%
These re su lts  w ere again very  good in com parison with the average through- 
thickness re su lts  obtained with the original standard p ra c tice .
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SECTION 5 -  DISCUSSION OF RESULTS
5 .1  OCCURRENCE OF INCLUSIONS IN VACUUM DEGASSED
LOW ALLOY STEEL
P rio r  to tapping the open-hearth  fu rnace, the s tee l was re la tiv e ly  free  from  
oxide inclusions, only occasional sm all s ilica tes  resu lting  from  slag  entrainm ent 
being p re sen t.
D uring tapping, fe rro -s il ic o n , fe rro -m an g an ese , fe rro -ch rom ium  and 
alum inium  w ere added to the lad le . The p rac tice  fo r making these additions co nsis­
ted of placing about 30% of the fe rro -ch ro m iu m  on the bottom of the ladle p r io r  to 
tapping. The fe rro -m an g an ese , fe rro -s ilico n  and rem aining fe rro -ch rom ium  w ere 
added together when the ladle was approxim ately one q u a rte r fu ll, and finally the 
alum inium  addition was m ade. The resu lting  inclusions w ere liquid m anganese 
a lum ino-silicate  deoxidation products containing sm all amounts of C r£ 0 3 . V ery few 
calcareous s lag  inclusions w ere observed in the ladle a fte r tapping, thus supporting 
H o u se m a n 's (m ) view that s lag  entrainm ent is not a  m ajor problem  in open-hearth  
steelm aking.
The liquid m anganese a lum ino-silica tes w ere a lso  p re se n t in the m etal during 
the ea rly  stages of vacuum degassing , but as degassing p ro g re sse d , th e ir  num ber 
appeared to d ecrease  g radually , presum ably  as  a  re su lt of coalescence and flo tation, 
until only occasional inclusions of this type w ere observed . The approxim ate v a r ia ­
tion in the average size  of these ladle deoxidation products with tim e is  shown in 
F ig . 5 .1 . It can be seen that in the tim e in terval during which the ladle was t r a n s ­
fe rre d  from  the furnace to the vacuum degassing unit, the average d iam eter of the 
deoxidation products changed very  little  because of the re la tive ly  quiescent conditions 
existing in the lad le . Coalescence and elim ination of inclusions was th e re fo re  
m inim al. However, once vacuum degassing was underw ay, the turbulence re su lted  
in extensive coalescence and agglom eration of the deoxidation products which then
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escaped much m ore rapidly  and a fte r approxim ately 1 0  min degassing they w ere no 
longer observed in the m etal sam ples.
During the la te r  stages of degassing, various types of erosion products w ere 
p re sen t in the liquid s tee l as follows
(a) Manganese a lum ino-silica tes containing about 30% AI2 O3  together with tra ce  
amounts of K2 O. These w ere typical of erosion  products originating from  firec lay  
re fra c to r ie s  as a re su lt of a ttack  by m a n g a n e s e  (156).
(b) Manganese s ilica te s  containing p a rtic le s  of c ris to b a lite . They orig inated as 
a re su lt of attack  by m anganese on the highly siliceous cem ent (>90% SiC^) used to 
re p a ir  the ladle between h e a ts .
(c) Calcium s ilica tes  containing p a rtic le s  of p icrochrom ite , M gO.CrgOg. These 
inclusions w ere only observed during the final stages of degassing and w ere products 
of reaction  between ladle s lag  and the m agnesite-chrom ium  re fra c to r ie s  of the 
degassing v esse l.
(d) A lum ino-silicate  inclusions containing about 60% AI2 O3 . These inclusions 
w ere also erosion products but th e ir AI2 O3  contents w ere fa r  too high fo r them  to 
have originated from  the norm al firec lay  ladle re fra c to r ie s  which only contained 30- 
40% AI2 O3 . The m ost likely source of these inclusions was the high alum ina cem ent 
(>80% AI2 O3 ) used on the degassing v esse l. Secondary deoxidation p roducts form ed 
during cooling probably p rec ip ita ted  on these inclusions and caused th e ir  MnO and 
Si0 2  contents to in c rease .
The effect of ladle and d eg asser re fra c to ry  erosion during the la te r  s tages of 
degassing is  shown in F ig . 5 .2 , w here the variation in to tal oxygen content of som e 
of the m etal sam ples taken from  the ladle during vacuum degassing has been plotted 
against tim e. U nfortunately, not a ll the sam ples w ere suitable fo r oxygen analysis  
but n ev erth e le ss , the available re su lts  show that during the ea rly  s ta g e s , the to tal 
oxygen content gradually  decreased  as many of the ladle deoxidation p roducts escaped
-  157 -
into the slag . D uring the la te r  s tag es , how ever, the total oxygen content increased  
again owing to excessive erosion of ladle and degassing vesse l re f ra c to r ie s . A s im i­
la r  variation  has been observed previously  during R .H . vacuum degassing by 
P ick e rin g ^  ®2) an(j B la n k ^ ^ ) .  The oxygen content decreased  in itia lly  and then 
increased  again as the ra te  of re fra c to ry  erosion  exceeded the ra te  of inclusion 
elim ination .
The m ajo rity  of inclusions p re sen t in the ladle s tream  sam ples w ere complex 
m anganese s ilica te s  containing c ris to b a lite , chrom ium  galaxite and c r is to b a lite -  
chrom ium  galaxite eu tectic . Although inclusions w ere frequently observed containing 
these four d is tinc t p h a se s , o ther inclusions w ere also observed which only contained 
c ris tobalite  o r  c ris tobalite  + eu tec tic . All these s ilica tes  w ere ladle erosion  products 
which had picked up varying amounts of ( > 2 0 3  and they probably orig inated  from  the 
siliceous cem ent used to re p a ir  the bottom  of the lad le . It is  in te resting  to note that 
very  few of these inclusions w ere observed in the sam ples taken from  the ladle during 
vacuum degassing, being p re sen t m ainly in the s tre am  sam ples. It is  suggested 
therefo re  that they form ed as a re su lt of reaction between the siliceous cem ent on the 
bottom of the ladle and the fe rro -ch rom ium  and ferro -m anganese  additions made to 
the ladle before and during tapping. This reaction  commenced im m ediately  the m olten 
m etal began to fill the lad le. Manganese and chrom ium  dissolved in the siliceous 
cem ent according to the m echanism s discussed  in Section 2 .4 .3 , i . e .
2Mn + (SiO ?)— > 2 (MnO) + Si . .  . .  . .  . .  eqn. (5.1)
4Cr + 3 (Si0 2 ) — ^  2  (^ r 203) + 3§i . .  . .  . .  eqn. (5.2)
Solution of chrom ium  in the s ilica te  occurred  quite rapidly  in this instance because of 
the heavy segregation of chrom ium  a t the bottom  of the ladle (~30% of the f e r r o -  
chrom ium  was placed in the ladle p r io r  to tapping). This resu lted  in the form ation of 
a  m anganese chrom ium  silica te  reaction  layer containing le ss  than 5% AlgOg. With 
increasing  tim e, softening of th is lay er occurred  and p a rtic le s  w ere eroded away.
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This e rosion  was apparently  much g re a te r  during teem ing than during vacuum 
degassing , thus confirm ing previous observations (141,142) that the bottom of the 
ladle (including the cem ent used fo r re p a irs ) is  subject to considerable erosion when 
the s tee l flows out through the nozzle . The quality of the cem ent and the m anner in 
which it  is  applied a re  therefo re  of considerable im portance from  the point of view 
of bottom w ear and the passage of erosion products into the ingots.
In o rd e r to understand the m echanism  of form ation of the inclusion types 
shown in F ig . 4 .4 , i t  is  f i r s t  n ecessa ry  to have som e knowledge of the te rn a ry  r e la ­
tionships in the system  M nO -SiO g-C ^O g. However, this system  has not been exa­
mined thoroughly and there  is no convenient experim ental equilibrium  d iag ram . 
N evertheless, assum ing there  a re  no te rn a ry  compounds in the sy stem , i t  is  possib le  
to sketch a  qualitative liquidus su rface , F ig . 5 .3 . This su rface is s im ila r  to the 
liquidus su rfaces of the M gO -SK ^-C ^O g and M nO-SK^-M i^Og s y s te m s ^ 05 ,106)^ t h a t
(a) The three phases C ^ O g , MnO and M nO .C ^O g occupy a la rge  p a r t  of
the composition trian g le , w hereas the p rim ary  phase fields of the s ilico n - 
containing phases MnO.Si0 2 » 2 Mn0 .S i0 2  and Si0 2  a re  re s tr ic te d  to a 
re la tive ly  narrow  a re a  adjacent to the MnO-Si0 2  boundary.
(b) There is a la rg e  liquid im m iscib ility  gap which extends a c ro ss  the 
diagram  from  the C r 2 0 g-Si0 2  b inary  to the Mn0 -S i0 2  b inary .
(c) There is a steep tem peratu re  gradient a c ro ss  the d iagram  falling from  
about 2250°C (the m elting point of C ^O g) to about 1200°C (the te rn a ry  
eutectic po in t).
It can be seen from  F ig . 5 .3  that on cooling m anganese s ilica te  inclusions 
containing only sm all amounts of C ^ O g , e .g .  50% MnO, 45% Si0 2  and 5% C ^ O g , 
they should solidify in the c ristobalite  phase field and subsequently down the trough 
between the cris tobalite  and chrom ium  galaxite phase fie lds. Com plete solid ification
should occur a t the te rn a ry  eutectic point. However, one o r m ore of these
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p rec ip ita tion  reactions may be suppressed  depending upon the ra te  of cooling and 
solid ification. The eutectic regions in F ig . 4 .4  appeared to consist of two phases 
and although accura te  analysis of the constituents of the eutectic was not p o ssib le , 
it  appears that the te rn a ry  eutectic reaction  was suppressed .
As the C ^O g  content of the inclusions in c reased , th e ir  com positions passed  
into the (spinel + liquid) phase field and angular p a rtic le s  of chrom ium  galaxite w ere 
p rec ip ita ted , F ig . 4 .4 c . During cooling and solid ification, c ris tobalite -ch rom ium  
galaxite eutectic was p rec ip ita ted  from  liquid adjacent to the spinel p a r t ic le s . The 
rem ain ing  liquid apparently  solidified as a single-phased g la ss . The p resence  of 
two p rim ary  p h a se s , i . e .  c ris tobalite  and chrom ium  galaxite within som e of the 
inclusions is indicative of non-equilibrium  solidification associated  with the re la tive ly  
rap id  cooling of the sam p les .
The m ajo rity  of inclusions p re sen t in the sam ples taken from  the ingots 
during teem ing w ere duplex c ristobalite /m anganese  s ilica te  e rosion  p ro d u c ts . In 
th is c a se , they w ere a lm ost certa in ly  hollow are erosion  products o rig inating  from  
the siliceous re fra c to ry  cem ent used on the runner b rick s  of the Uphill-teem ing sy stem . 
Manganese chrom ium  s ilica tes  resu lting  from  erosion  of ladle cem ent, m anganese 
a lum ino-silica tes resu ltin g  from  erosion  of firec lay  ladle an d /o r ru n n e r b r ic k s , and 
highly alum inous s ilica te s  resu ltin g  from  erosion  of degassing v esse l cem ent w ere 
a lso  observed in the ingot sam p les .
D espite the re la tive ly  high level of inclusions p re sen t in the liquid m etal during  
tapping, degassing and teem ing, the b ille t sam ples from  this tr ia l  c a s t contained very  
few inclusions, only occasional, highly aluminous s ilica te  s tr in g e rs  being  observed . 
These a lum ino-silica tes w ere a lm ost certa in ly  exogenous e rosion  p roducts  as 
evidenced by the fact that they occasionally contained tra c e  am ounts of K^O. It has 
been suggested that they resu lted  from  erosion  of the highly alum inous cem ent used on 
the degassing vesse l re fra c to r ie s , although it was not possib le  to confirm  th is d ire c tly .
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The overall c leanness of the b ille t sam ples was confirm ed by the total oxygen 
determ inations, Table 4 .3 , and shows th e re fo re , that in this p a rtic u la r  c a s t, the 
m ajo rity  of inclusions p re sen t in the liquid m etal in the ingot escaped and w ere not 
entrapped during solidification.
5 .2  OCCURRENCE OF INCLUSIONS IN LOW SILICON LEADED 
FREE-CUTTING STEEL
5 .2 .1  Oxidation Period
D uring the oxidation p e rio d , the inclusions observed w ere m ainly calcium
m anganese s ilica te s  containing varying am ounts of AI2 O3  and C ^ O g  together with
tra c e  amounts of MgO, P 2 O5  an^ TiOg. They originated from  slag  entrapped in  the
m etal by the turbulence caused by oxygen blowing. However, the Si0 2  content of
these inclusions was considerably higher than that of the bulk s lag  (35% against 13%).
The MnO content was also  much h igher (25% against 7%) w hereas the CaO content was
low er (15% against 40%). In o ther w ords, these inclusions w ere considerably  r ic h e r
in SK> 2  and MnO than the bulk s lag  a t the expense of a decreased  CaO content. This
indicates a dilution effect produced by the p rec ip ita tion  of oxidation p roducts on the
entrained s lag  p a rtic le s . The sam e effect has been observed previously  by
P ick e rin g ^  ®2) during basic  e lec tric  a rc  steelm aking.
Aluminium was also  available fo r oxidation in the in itia l charge and i t  is  c le a r
tha t m ore than sufficient was available from  this source to give inclusions having a
higher AI2 O3  content that that of the bulk s lag . However, the oxidation of the alum inium
would be expected to occur very  early  in the oxidation period  and th is appeared to be
the case  in  the p re sen t investigation as shown in F ig . 5 .4 .
The in itia l charge to the furnace m ust a lso  have contained som e chrom ium  as
it  was observed that dendritic  p a rtic le s  of the sp inel, (FeMn)Q(CrAl)2 0 3 , asso c ia ted
with s ilica te  inclusions w ere form ed during the oxidation p e rio d , F ig . 4 .9 c . These
dendrites had been p recip ita ted  within the s ilica te  m a trix  which contained ~ 1 0 % C ^ O g
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in solution. As P ic k e r in g ^ 2) has pointed out, the solubility of C r 2 C>3 in SiOg is 
very  lim ited but can be increased  by the p resence  of o ther oxides in the s ilic a te , the 
average composition of which was approxim ately 12% FeO , 27% MnO, 32% Si0 2 ,
18% AI2 O3 , 10% C r 2 0 3 , 5% CaO, 1% MgO, but only a t a  tem peratu re  of about 1800°C. 
It ap p ea rs , th e re fo re , that oxygen lancing had caused a locally  very  high tem pera tu re  
and under these conditions the s ilica te s  had been able to dissolve sufficient C r 2 0 3 , in 
addition to AI2 O3 , to re su lt in the precip ita tion  of dendrites of spinel on subsequent 
cooling.
During the oxidation p e rio d , the inclusion sam pling technique used in the 
p re sen t work (unkilled sam ples) gave very  s im ila r  re su lts  fo r acid soluble silicon  
content as the norm al furnace spoon sam ples (alum inium -killed). Thus, desp ite  the 
fac t that the inclusion sam ples w ere unkilled in o rd e r not to modify the inc lusions, 
and consequently they contained a certa in  amount of porosity  owing to the re la tiv e ly  
high oxygen content of the m etal during the oxidation period , they w ere n ev erth e less  
suitable fo r chem ical analysis as well as fo r m etallographic inclusion exam ination.
At the end of the oxidation p e rio d , the bath was blocked with fe rro -m an g a n e se . 
A sam ple taken shortly  a f te r  this operation w hilst the pow er was s til l  on (tr ia l B . l )  
indicated that the turbulent conditions under which the sam ple was taken had resu lted  
in the en trainm ent of s lag  p a rtic le s  in the bath . The M nO-rich deoxidation products 
resu ltin g  from  the fe rro -m anganese  addition had nucleated on o r agglom erated with 
entrained  slag  p a rtic le s  to form  calcareous inclusions containing globules of (FeMn)O.
5 .2 .2  Tapping Period
The sam ples taken from  the top of the ladle im m ediately a fte r the com pletion 
of tapping contained la rge  m anganese s ilic a te s . Within this group, there  w ere two 
d is tinc t types having the following approxim ate com positions:-
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MnO S i0 2  AI2 P 3  MnS CaO P 2 0 5  T i0 2  K20
(a) 45 25 15 5 5 t r  1
(b) 50 25 5 10 5 t r  t r  -
No potassium  was detected in the ferro -phosphorus so that the p resen ce  of 
1% K20  together with 15% A l2 0 3  in the f i r s t  type suggests that they originated a s  a 
re s u lt  of ladle re fra c to ry  e rosion . The 5% CaO in these inclusions probably cam e 
from  slag  glaze on the ladle r e f ra c to r ie s , o r  was possib ly  picked up as a  re su lt  of 
th e ir reaction  with slag  mixed into the m etal during tapping.
The second type of inclusion also  contained approxim ately 5% CaO but no K^O 
and much le ss  A12 0 2  than the f i r s t  type. It is suggested therefore  that these inclusions 
originated in p a r t from  slag  entrained in the m etal during tapping. The p resen ce  of 
re la tiv e ly  large  amounts of MnO in these inclusions indicates that M nO -rich deoxida­
tion products resu lting  from  the ladle addition of ferro -m anganese  had nucleated on o r 
agglom erated with the entrapped slag  p a r tic le s , the CaO content of which had c o r r e s ­
pondingly decreased  by dilution. As the ladle sam ples w ere taken only about 2  m in 
a fte r  the completion of tapping, this CaO dilution effect was apparently  very  rap id , 
much m ore rapid  in fac t than has been observed with previous s lag -m eta l m ixing.
This may have been a re su lt of the very  high Mn:Si ra tio  of the s tee l a n d /o r the m ore  
rapid  flotation of the higher CaO content inclusions. The ladle addition of rock  sulphur 
a lso  resu lted  in the solution of appreciable amounts of sulphur in the entrapped s lag  
p a r tic le s . This would again acce lera te  the CaO dilution effect and produce the o b se r­
ved changes in inclusion com position.
5 .2 .3  Teeming Period
The following types of inclusions w ere p re sen t in the ladle s tre am  sam ples —
(a) L arge , g lassy  m anganese a lum ino-silica tes containing about 1% K 2 0 .  These 
w ere erosion products from  the lad le , stopper o r nozzle re f ra c to r ie s .
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(b) Complex m anganese s ilica tes  containing essen tially  (FeMn)O and (FeMn)S.
These inclusions w ere probably deoxidation/re  oxidation products form ed during 
tapping and teem ing.
The following types of inclusions w ere p re sen t in the sam ples taken from  the 
ingots—
(a) Complex m anganese s ilica tes  containing sm all am ounts of CaO and AI2 O3  
together with K2 0 .  These w ere re frac to ry  erosion products.
(b) Complex m anganese s ilica tes  containing sm all amounts of CaO and A12 0 2  
but no K2 0 . Despite the fact that K20  could not be detected in these in c lu sions, it  
is  s till possible tha t they originated from  the erosion  of re f ra c to r ie s . H ow ever, a t 
this s tage , ap art from  the K20  content, the composition and constitution of a ll the 
inclusions w ere very  s im ila r  as a  re su lt of coalescence and reaction  with m anganese 
in the s te e l, and it was th e re fo re  very  difficult to determ ine th e ir  exact o rig in . The 
indications a re , how ever, that they w ere m ainly erosion  products together with som e 
deoxidation/reoxidation p a r t ic le s .
D uring the teem ing of tr ia l ca s t B .2, occasional com plex calcium  s ilic a te s  
containing MgO p a rtic le s  w ere a lso  observed , F ig . 4 .23 . These s ilic a te s  possib ly  
originated during tapping as a re su lt of the pick-up of MgO p a rtic le s  by the s lag  
from  the m agnesite-coated launder of the fu rnace. They w ere en trained  in the m etal 
by the fo rce  of the tapping s tre am  and subsequently passed  into the ingots during 
teem ing. However, it is su rp ris in g  that such large  inclusions w ere not elim inated 
in the ladle and a lso  that th e ir  com positions w ere changed very  little  during th e ir 
residence  in the s tee l. These facts tend to suggest an a lte rnative  m echanism  of 
form ation a t a much la te r  stage but it is difficult to account fo r a CaO-MgO com po­
sition  o ther than during tapping. As they w ere observed during the e a r l ie r  stages of 
teem ing, they w ere unlikely to re su lt d irec tly  from  the teem ing of ladle s lag . It m ay 
be that these inclusions becam e attached to the ladle lining and w ere washed off again 
by the flow of the m etal during teem ing. How ever, this s till  does not explain th e ir
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very  high CaO content.
The bottom b ille t sam ples from  each of the four free -cu ttin g  s tee l cas ts  w ere 
ex trem ely  d irty . Long s ilica te  s tr in g e rs  containing MnS and Mn0 .A l2 0 3  p a rtic le s  
together with trace  amounts of K20  and CaO w ere p re se n t. By com parison, the 
m iddle and top b ille t sam ples w ere re la tive ly  clean. This difference in inclusion 
content between the bottom 30% of the ingot and the rem ainder was a re su lt of the 
bottom  cone segregation  of s ilica te  inclusions. The p resence of galaxite spinel p a r ­
tic les  together with K20  indicates that these s trin g e r inclusions w ere chem ical 
erosion  products originating from  firec lay  re f ra c to r ie s , i . e .  because of the high 
Mn:Si ra tio  (~100:1) this s tee l was proving to be ex trem ely  susceptib le  to a ttack  by 
m anganese on alum ino-silicate  re f ra c to r ie s . The sm all am ounts of CaO in these 
inclusions probably came from  slag  glaze on ladle re f ra c to r ie s .
The m etallographic observations were confirm ed by the to tal oxygen contents 
of the b ille ts , e .g . F ig s . 4 .19 -4 .21  fo r t r ia l  c a s t B .2. A part from  the high inclusion 
content of the bottom b ille t sam ples re la tive  to the middle and top sam p les , F ig . 4 .19  
a lso  showed that there  was very  little  difference in cleanness between the uph ill- 
teem ed ingots (1, 7 and 12) and the d irec t-teem ed  ingot (6 ). In fact the bottom  b ille t 
sam ples from  ingot 6  w ere slightly  d ir t ie r  than those from  the o ther ingots in the c a s t 
ye t the inclusion types w ere identical in all the b ille t sam p les , i . e .  m anganese 
a lum ino-silicate  erosion p ro d u c ts . This ind ica tes, th e re fo re , that hollow are e rosion  
during uphill-teem ing was not a  problem  in this c a s t. R ather it  was erosion  of the 
ladle re fra c to rie s  which resu lted  in the pick-up of silicon a fte r tapping and the p resen ce  
of a lum ino-silicate  s trin g e r inclusions in the b ille ts . It ap p ea rs , th e re fo re , that one 
of the m ain factors determ ining the extent of erosion  was the length of tim e the s tee l 
was in contact with the re fra c to r ie s . It is significant that the res id en ce  tim e of the 
s tee l in the ladle was considerably longer than that of the s tee l in the ru n n er b r ic k s , 
allowing reaction  with m anganese and softening of the surface  lay e r of ladle re fra c to ry
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in contact with the s tee l to be proportionately  g re a te r .
5 .2 .4  Variation in Silicon Content throughout Slcelm aking, Tapping
and Teeming
The variation in silicon content fo r the four tr ia l  cas ts  a re  shown in F ig s . 4 .1 8 , 
4 .2 2 , 4.27 and 4 .3 1 . It can be seen tha t the silicon content of the bath dropped during 
the oxidising period as silicon was oxidised to s ilica  which was then ass im ila ted  into 
the s lag .
In each of the four tr ia l  c a s ts , B .1 -B .4 , the silicon content of the sam ple 
taken from  the top of the ladle shortly  (1-3 min) a fte r the completion of tapping was 
approxim ately the sam e, within the lim its  of analytical e r ro r  (+0 . 0 0 2 % Si), as the 
bath silicon content p r io r  to tapping. At this stage , th e re fo re , it is  apparen t that 
n e ither the sm all amount of silicon p re sen t in the ladle additions (Table 3 .6) n o r the 
silicon  p resen t in the form  of s ilica te  inclusions (deoxidation p ro d u c ts , entrained slag  
p a r tic le s , re fra c to ry  erosion products) caused the total silicon content of the liquid 
s tee l to increase  significantly. In tr ia l cas t B .4, how ever, a second sam ple was 
taken from  the top of the ladle 5 m in a fte r  the completion of tapping and the silicon 
content of this sam ple (0 . 0 1 1 %) was considerably higher than that of the f i r s t  ladle 
sam ple (0.002%) taken 2 min e a r l ie r ,  F ig. 4 .31 . This pick-up of silicon  a fte r 
tapping was also  reflected  in the ladle s tream  sam ples from  a ll four tr ia l  cas ts  and 
in m ost c a s e s , this increase  in silicon content was significantly g re a te r  than that 
p re sen t in the fe rro -a llo y  additions made to the lad le , even allowing fo r m axim um  
recovery  from  the additions. The m etallographic evidence indicates that the num ber 
of entrained p a rtic le s  of furnace slag  was sm all and they w ere rap id ly  elim inated into 
the ladle slag  la y e r , w hereas m anganese alum ino-silicate  re fra c to ry  erosion  products 
p e rs is ted  throughout the teem ing period and w ere p resen t in the ladle s tre a m , ingot 
and bottom b ille t sam ples. Thus, the in c rease  in silicon  content a f te r  tapping to a 
value of 0 . 0 1 0 % o r m ore was apparently  caused by the p resence  of m anganese/lad le  
re frac to ry  reaction products in the m eta l.
The fact that this ladle erosion was not detected in the sam ples taken from  the 
top of the ladle 1-3 min a fte r the completion of tapping was probably that a longer 
period of tim e than this was n ecessa ry  for the manganese in the s tee l to re a c t with 
the s ilica  in the ladle re fra c to rie s  to form  a fluid manganese a lum ino-silica te  reaction  
la y e r , fo r significant amounts of this reaction  layer to be washed into the s tee l and 
fo r these entrained erosion  products to r is e  to the top of the ladle w here the sam ple 
was taken. In the case of tr ia l c as t B .4 , this occurred  a fte r ~ 5  m in. With increasing  
residence  tim e of the s tee l in the lad le , e rosion  probably in c reased , p a rtic u la rly  
during teem ing as a re su lt  of the washing action of the stee l on the bottom  of the 
la d le .
It has a lready  been mentioned that the condition of the ladle lining is an im por­
tant fac to r from  the stee l cleanness point of view. In any clean s tee l p ra c tic e , the 
stee lm aker norm ally  chooses a ladle which is not new, having been used fo r a few 
h e a ts , and which has not been rep a ired  with siliceous re fra c to ry  cem ent. This was 
confirm ed in the p resen t s e r ie s  of tr ia ls  as the following re su lts  show—
T ria l C ast Ladle Life ^ P i t  ^ T a p
B . l  18 heats (repaired) 0.009%
B. 2 1 heat 0.006%
B .3  4 heats 0.004%
B .4  12 heats (repaired) 0.008%
One final point of in te re s t in connection with the p resen t investigation is  the 
m echanism  of bottom cone inclusion form ation in stee l ingo ts. It is  no t intended that 
a c ritic a l exam ination be given of this phenomenon as it could quite eas ily  fo rm  the 
b asis  of a  separa te  th esis . H owever, a review  of the bottom  cone of inclusions in 
stee l ingots has been published by S ta n d ish ( l? 8 )  and i t  is  evident from  this that there 
is s till a g re a t deal of controversy  concerning the m echanism  of bottom  cone fo rm a­
tion. In th is re sp ec t, it is pertinen t to m ention the w ork of H u n t( l^ )  on the form ation 
of A -  seg reg a te s . Although bottom  cone form ation was not specifically  re fe r re d  to
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in H unt's model work, it seem s reasonable to assum e that the m echanism  which was 
proposed to account for the formation of A -  seg regates during solidification might 
a lso  go a long way tow ards explaining the form ation of the bottom cone of inclusions, 
p a rtic u la rly  as these two phenomena invariably occur together (see Section 5 .3 .4 ) .
5 .3  OCCURRENCE OF INCLUSIONS IN CARBON-MANGANESE-NIOBIUM STEEL
5 .3 .1  T ria l C ast C .l
D uring the oxidation perio d , the inclusions observed w ere m ainly calcium  
s ilic a te s  containing varying amounts of AI2 O3 , MgO and MnO together with trace  
am ounts of P 2 O5 , TiO£ and S . They originated from  slag  entrained in the m etal by 
the turbulence caused by oxygen blowing. However, the SiO£ content of these inclu­
sions was considerably h igher than that of the bulk s lag . In som e c a se s , the MnO 
content was also  much h igher w hereas the CaO content was low er. As in previous 
work th e re fo re , this indicates a dilution effect produced by the p rec ip ita tion  of oxi­
dation products on the entrapped slag  p a r t ic le s . There seem ed to be little  system atic  
varia tion  in the s izes  of the inclusions during the oxidation p e rio d , m ost of the inclu­
sions having d iam eters  of 15-40 /im .
D uring the refin ing perio d , the m ajo rity  of inclusions p re sen t in the liquid 
m etal w ere globular m anganese alum ino-silicate  deoxidation products resu ltin g  from  
the fe rro -s il ic o n , ferro -m anganese  and alum inium  additions. Calcium  s ilic a te s  
resu lting  from  slag  entrainm ent w ere a lso  p re sen t.
Im m ediately a fte r tapping, the inclusions p re sen t in the liquid m etal w ere 
m ainly calcium  a lum ino-silica tes resu lting  from  reaction  between alum inium  and 
entrained slag  p a rtic le s . In some c a se s , these inclusions contained considerable 
amounts of MgO as a re su lt of contam ination by m agnesite re fra c to ry  m a te ria l from  
the fu rnace, taphole o r launder.
D uring teem ing, the m ajority  of inclusions p re sen t in the ingots w ere 
manganese a lum ino-silica tes resu ltin g  from  entrainm ent of the mould add itive .
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How ever, o ther types of inclusions w ere also  observed including:-
(a) a lum ino-silica te  re fra c to ry  erosion  products
(b) m agnesite re fra c to ry  erosion  products
(c) s lag /m agnesite  re fra c to ry  reaction  p ro d u c ts .
5 .3 .2  T ria l C ast C .2
The sam ples taken during the refin ing period of this f i r s t  developm ent cas t
showed that the high alum inium  cover, i . e .  very  low dissolved oxygen content, was
sufficient to p reven t the form ation of globular s ilica te  deoxidation p roducts following 
the fe rro -s ilico n  addition. Unlike the previous tr ia l c a s t, very  few d ire c t deoxidation 
products w ere observed and the m ajority  of inclusions p re sen t w ere en tra ined  s lag  
p a r tic le s . In many c a se s , these s lag  p a rtic le s  w ere rich  in MgO as a  re s u lt  of 
contam ination of the s lag  by m agnesite furnace re fra c to ry .
Im m ediately a fte r tapping, the inclusions p re sen t in the liquid m etal w ere 
calcium  alum inates resu lting  from  slag  en tra inm ent. Many of these inclusions con­
tained considerable quantities of p e ric la se  (MgO), picked up from  the fu rnace , taphole 
o r launder re f ra c to r ie s .
During teem ing, the m ain types of inclusions observed w ere a lu m ino -silica te  
re fra c to ry  erosion  p ro d u c ts , m agnesite re fra c to ry  erosion  p ro d u c ts , and s la g /  
m agnesite re fra c to ry  reaction  p ro d u c ts .
5 .3 .3  T ria l C ast C .3
The steelm aking p rac tice  fo r th is cas t was s im ila r  to the p rev ious one except 
tha t p a r t  of the Desulfex was injected into the bath . As expected th e re fo re , the 
inclusions observed during the steelm aking , tapping and teem ing p ro c e sse s  w ere 
very  s im ila r  to those observed in the previous c as t. The main difference was that in 
this c a s t, few er M gO-rich inclusions resu lting  from  m agnesite re f ra c to ry  e ro sio n  
w ere observed . This difference is  d iscussed  in Section 5 .3 .4 .
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5 .3 .4  Com parison of T ria l Casts C . l ,  C.2  and C.3 
(i) Through-Thickness R esults
The through-thickness tensile re su lts  for the two development cas ts  C .2  and
C .3  w ere significantly b e tte r than those for ca s t C .l  made according to the orig inal 
fe rro -s ilico n  deoxidation p ra c tic e , the overall average reduction of a re a  values fo r 
cas ts  C . l ,  C.2  and C.3 being 34%, 51% and 53% respective ly . Thus, fo r the two 
developm ent c a s ts , the m odifications in steelm aking p rac tice  w ere very  successfu l 
in im proving the through-thickness ductility  and have since been adopted as standard 
p rac tice  fo r C-Mn-Nb stee l production.
(ii) Non-M etallic Inclusion Content
The im provem ent in through-thickness ductility is attributed to a d ecrease  in 
the volume fraction  of inclusions in the liquid and hence in the solid s te e l. However, 
the sam pling technique employed during the steelm aking, tapping and teem ing p ro ­
cesses  was p rim arily  aim ed a t establishing the types of non-m etallic  inclusions 
p re sen t in the liquid m etal and not a t a quantitative a ssessm en t of the num ber o r 
volume fraction . Consequently, it  was not possible  to quantify accu ra te ly  the d iffe r­
ences in inclusion content a t corresponding stages during the three  tr ia l  c a s ts . An 
attem pt was made to follow the variation in inclusion content by determ ining  the total 
oxygen contents of the m etal sam ples. However, the re su lts  w ere very  v a riab le , 
fluctuating quite considerably not only from  sam ple to sam ple but a lso  along the length 
of a single sam ple. S im ilar effects have been observed previously  with a lum in ium - 
killed  s tee ls  both in laborato ry  induction furnaces and in la rge  a rc  fu rn aces . In 
c o n tra s t, total oxygen determ inations on equivalent sam ples from  silicon -k illed  s tee ls  
have been found to be very  consistent and to re fle c t changes in the bath inclusion con­
ten t very  p re c ise ly . These effects a re  p resum ably  s im ila r  to those observed  by 
F o rs te r  and R ich te r(53,54) an(j d iscussed e a r l ie r ,  the variable oxygen content of the
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a lum inium -treated  s tee l resu lting  from  the variable distribution of alum ina inclusions.
N evertheless, optical m etallographic exam ination did reveal a m arked cas t to 
cas t d ifference in both the size  and num ber of inclusions p re sen t in sam ples taken 
from  the furnace during the refin ing  perio d , from  the ladle a fte r  tapping and from  the 
ingots during teem ing. Such d ifferences w ere not obvious in the case of the ladle 
s tream  sam ples, and this may have been a d ire c t re su lt of this p a rtic u la r  method of 
sam pling giving r is e  to num erous reoxidation p roducts.
During the refin ing  perio d , the size  and num ber of deoxidation products o b se r­
ved in cas t C . l  w ere g re a te r  than those observed in the two developm ent c a s ts . This 
d ifference was a re su lt of the use of a full alum inium  deoxidation p rac tice  fo r  the 
developm ent cas ts  in p lace of the previous fe rro -s ilico n  p ra c tic e , and is d iscussed  in 
g re a te r  detail below.
There was a lso  a d ifference in inclusion content observed between the sam ples 
taken from  the ladle a fte r  tapping. In th is c a se , how ever, the m ain d ifference was 
between the two developm ent c a s ts . The size  and num ber of inclusions p re se n t in the 
sam ple taken from  the ladle a fte r tapping w ere much g re a te r  fo r  c a s t C .2  than fo r 
ca s t C.3 .  The possib le  reasons fo r this difference a re  also d iscussed  below.
F inally , there  was a m arked reduction in the num ber of inclusions observed 
in the ingot sam ples from  the two developm ent casts  com pared with those from  cas t
C . l .  T here w ere probably sev era l reasons fo r this reduction including the use of 
h igher alum ina ladle re fra c to rie s  to m inim ise erosion  and the use of an argon shroud 
to m inim ise reoxidation. However, the m ain reason  was undoubtedly the im proved 
method of adding the mould additive. Previous w ork has shown that p lacing the mould 
additive in the bottom  of the mould p r io r  to teem ing re su lts  in considerable en tra in ­
m ent of the additive in the liquid m etal. This en trainm ent was again observed during 
the teem ing of c a s t C .l  but not fo r casts  C .2  and C.3 ,  in which the mould additive 
was suspended in the moulds so that its  addition was made a fte r the s ta r t  of teem ing
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when there  was a pool of m etal in the mould. This p a rticu la r difference in inclusion 
content also  provided evidence th a t the sam pling technique was capable of obtaining 
rep resen ta tiv e  sam ples.
A point of considerable in te re s t is  the fact that although the m ajority  of inclu­
sions observed in the liquid m etal in the ingots during teem ing w ere globular alum ino- 
s ilica te s  resu ltin g  from  re fra c to ry  erosion  and slag  en tra inm ent, these inclusions 
w ere ra re ly  observed on the frac tu re  faces of the through-thickness tensile  specim ens. 
Poor ductility  and p rem atu re  fa ilu re  of the te st-p ieces  from  the e a r l ie r  production 
cas ts  w ere invariably caused by a lum ina-rich  agg lom erates, F ig s . 5 .5 a  and 5b, an d /o r 
sheets of m anganese sulphide, F ig . 5 .5 c . The alum inate p a r tic le s , which w ere 
p rim arily  observed a t the cen tres of p la tes ro lled  from  the bottom  of the in g o ts ,
i . e .  associated  with bottom  cone segregation , w ere frequently found to contain sm all 
amounts of MgO and CaO, and very  occasionally  a trace  amount of K2 O was a lso  
detected . The sheets of m anganese sulphide w ere mainly observed a t about the 25% 
depth level of p la tes ro lled  from  the top of the ingots, i . e .  associated  with A -  
segregation . P a rtic le s  of niobium carbide w ere a lso  p re sen t with the m anganese 
sulphide. The m etallographic evidence indicated that in ’bad’ ingots, heavy bottom  
cone segregation of alum inate p a rtic le s  was invariably associated  with m arked A -  
seg rega tes  w hereas in ’good’ ingots, there  was a m ore general d is tribu tion  of the 
alum inate inclusions and only very  weak A -  s e g re g a te s .
It is  very  unlikely that a ll the globular a lum ino-silica tes p re sen t in the ingots 
during teem ing escaped a t this la te  s tag e . It is  suggested, th e re fo re , that although 
many of these la rg e r  p a rtic le s  did in fact escape from  the liquid m etal in the ingot, 
som e of the sm a lle r a lum ino-silica tes w ere entrapped and continued to re a c t  with 
dissolved alum inium  and w ere eventually converted to alum ina. Evidence fo r th is 
type of reduction reaction  has been obtained by labora to ry  studies of the reaction  
between s ilica te  inclusions and aluminium in both liquid and solid iron(22»107).
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D uring ro lling , these reduced a lum ino-silica tes a re  broken down and spread out to 
form  s tr in g e rs  of alum ina p a rtic le s  which a re  very s im ila r in appearance to some 
of the s tr in g e rs  observed in p la te  sam ples from  the p re sen t w ork, e .g .  F ig . 5 .5 a . 
F u rth e r evidence that this type of reaction  occurred  was provided by the fact tha t, 
as  m entioned prev iously , the alum inate p a rtic le s  p re sen t on the frac tu re  su rfaces 
of through-thickness tensile  specim ens frequently contained sm all amounts of MgO 
and CaO indicating that they originated in p a r t  from  slag  an d /o r re fra c to ry  m a te ria l. 
These oxides a re  very  stable and a re  not reduced by alum inium  to the sam e extent 
a s  SiO£ and MnO. They a re  therefore  useful tra c e rs  fo r determ ining the orig ins of 
non-m etallic  inc lusions. M odifications in p rac tice  aim ed at low ering the volume 
fraction  of s ilica te  inclusions in the liquid m eta l, e .g .  full alum inium  deoxidation, 
suspension of mould additive and high AI2 O3  content re f ra c to r ie s , should therefo re  
re su lt in a  lower volume fraction  of alum inate inclusions in the finished product.
It is  not suggested, how ever, that reduction of a lum ino -silica tes  by alum inium  
was the only m echanism  by which the alum inate c lu s te rs  w ere fo rm ed. Deoxidation 
and reoxidation reactions a lso  need to be considered , p a rtic u la rly  fo r explaining the 
form ation of the very  sm all alum ina p a rtic le s  (<5 pm ) in F ig . 5 .5b which a re  not 
easily  accounted fo r in te rm s of the above reduction reaction . C lu sters  of alum ina 
deoxidation products w ere not observed in the sam ples taken from  the ladle a fte r  
tapping o r from  the ladle s tream  during teem ing in any of the th ree  tr ia l  c a s ts . This 
is  apparently typical of sam pling tr ia ls  on double s lag  b asic  e lec tr ic  a rc  c a s ts , 
s im ila r  observations having been repo rted  by Knilppel e t al(58). i t  suggests tha t 
re la tiv e ly  few, if any, alum ina c lu ste rs  w ere p re sen t in the ladle of m etal during 
teem ing com pared with the globular a lum ino-silica te  in c lu sions, and tha t if alum ina 
deoxidation/reoxidation products w ere contributing to the c lu s te rs  observed  on the 
frac tu re  fa c e s , e .g . F ig . 5 .5b, then they m ust have form ed by the agglom eration of 
very  sm all inclusions such as that shown in F ig . 4 .38h. This agglom eration possib ly
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occurred  on the sides of the nozzle during teem ing and these large  c lu ste rs  w ere 
period ically  flushed into the ingot. H owever, it  is em phasised that alum ina agglo­
m eration  on the sides of the nozzle is  norm ally  associated  with the form ation of 
dendritic  c lu s te rs  and this type was not observed on the frac tu re  faces of the tensile  
sp ec im en s. F u rth e r agglom eration of sm all alum ina p a rtic le s  in the uphill-teem ing 
channel m ay a lso  have contributed to the overall c lustering  effect but a  m ajo r 
fac to r leading to the form ation of very  la rg e  c lu ste rs  of the type shown in F ig . 5.5b 
was undoubtedly segregation during solidification of the ingot. This not only resu lted  
in the form ation of a bottom  cone of alum ina p a rtic le s  but also  in the form ation of 
sheets of m anganese sulphide in the A -  seg reg a te s , even with an average p it  sulphur 
content of only 0.006 wt. %.
Reoxidation of fully alum inium -deoxidised s tee l can re su lt  in the form ation of 
alum ina c lu s te rs . Evidence fo r th is has been obtained during labo ra to ry  experim ents 
with iron-silicon-oxygen-alum inium  m elts  in a  50 kg induction fu rn ace(22»107). 
Reoxidation, as shown by the varia tion  in the total oxygen content of the m elt a f te r  
the p re lim in ary  deoxidation stage , resu lted  in itia lly  in the form ation of alum ina 
c lu ste rs  and then, a s  the soluble alum inium  content of the m elt decreased  with tim e , 
in the form ation of duplex alum ino-silicate  inclusions containing alum ina. With 
fu rth e r in c rease  in tim e, single-phased a lum ino-silica tes w ere fo rm ed . This 
sequence of reaction  products has been d iscussed  by F a rre ll  e t al^®®) and is  i llu s ­
tra ted  schem atically  in F ig . 2 .86 . It shows quite c lea rly  that the type of reoxidation 
product which is form ed depends on the re la tiv e  concentrations of the reactin g  
e lem en ts. As d iscussed  previously , Kohn e t consider that the reaction
products which p rec ip ita te  as a  re su lt of reoxidation of alum inium -killed s tee l in the 
furnace and ladle a re  complex alum inates containing sm all am ounts of CaO and MgO, 
the la tte r  originating from  trace  concentrations of calcium  and m agnesium  (from  
re fra c to rie s ,s la g  and deoxidants) in solution in the s te e l. These a lum inates accum u-
a r* dicall flushed into the in ot. Althou h n o t ostulated
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by Kohn et a l, s im ila r  alum inates form ed as a re su lt  of reoxidation of the ladle 
s tre am  during teem ing could a lso  enhance this effect, agglom eration in this case 
occu rring  in the uphill-teem ing channel an d /o r in the ingot. Segregation of alum ina 
in the ingot would occur as d iscussed  in the previous pa rag rap h . W hilst this m echan­
ism  can account fo r the form ation of alum inates containing MgO and CaO, i t  m ust be 
pointed out that these oxides w ere not detected in globular m anganese alum ino- 
s ilica te  reoxidation products p resen t in ladle s tream  sam p les , e .g .  F ig s . 4 .41a  and 
41b. However, this could have been a re su lt  of the la rg e  dilution effect caused by the 
excessive reoxidation. N evertheless, the p re sen t work did confirm  the re su lts  of 
Kohn et al in that many of the inclusions p re sen t in the final product w ere alum inates 
ra th e r  than pure alum ina, indicating that the problem  was associated  with secondary  
deoxidation/reoxidation products and not p rim ary  deoxidation p ro d u c ts .
(iii) Deoxidation P rac tice  
Following the f i r s t  tr ia l  cas t C . l , it was recom m ended that a  clean s tee l 
p rac tice  fo r the production of C-Mn-Nb s tee l should involve a p rim a ry  alum inium  
bath block followed by the m aintenance of an effective alum inium  cover during 
refin ing , tapping and teem ing. The use of such a deoxidation p rac tice  re su lts  in the 
form ation of alum ina o r spinel-type inclusions which a re  known to escape from  the 
liquid m etal m ore read ily  than s ilic a te s , and the rapid elim ination of such deoxidation 
products into the slag  re su lts  in a  c leaner s tee l. A lso , the addition of fe rro -s il ic o n  
a f te r  the aluminium bath block does not give r is e  to s ilica te  deoxidation p roducts 
because of the lack of available oxygen in the s tee l. Thus, the p resen ce  of siliceous 
inclusions is  confined to entrained slag , reoxidation and erosion  p ro d u c ts . A lso , if 
th e re  is a  sufficient alum inium  cover, i . e .  a sufficiently high level of soluble a lum i­
nium  in the s te e l, any entrained s ilica tes  re a c t with this alum inium  and a re  eventually 
converted to a lum ina/sp inel p a rtic le s  which again escape read ily . In the absence of
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an alum inium  cover, these s ilic a te s  tend to rem ain  in the stee l for a longer period of 
tim e .
The p re sen t investigation has confirm ed the above theory in tha t for c as t C .l  
involving a fe rro -s ilico n  bath b lock, la rg e  globular s ilica tes  and a lum ino-silica tes 
w ere p resen t in the liquid m etal throughout the refining period . These w ere deoxida­
tion products resu lting  from  the fe rro -s ilico n , ferro -m anganese  and alum inium  
additions. H ow ever, fo r casts  C . 2 and C . 3, a high alum inium  cover was m aintained 
during refin ing  and only sm all, isolated alum ina deoxidation/reoxidation products 
w ere observed during this period .
In gen era l, the entrained slag  p a rtic le s  p re sen t during the refin ing  periods of 
cas ts  C .2  and C .3 w ere sm a lle r than the corresponding inclusions of c as t C . l  indi­
cating that the high alum inium  cover was possib ly  also  a ss is tin g  in the elim ination of 
these exogenous s lag  p a r t ic le s .
During the teem ing of the two developm ent c a s ts , the soluble alum inium  
content of the s tream  and ingot sam ples from  C .3 (~0.04%), F ig s . 4.51 and 4 .5 2 , 
was approxim ately twice that of the corresponding sam ples from  C .2  (^0.02% ),
F ig s . 4 .43 and 4 .44 . In addition, the soluble alum inium  content of c as t C .2  tended 
to drop below 0.02% during the la te r  stages of teem ing. Thus, the effective alum inium  
cover was significantly h igher fo r cas t C .3  than fo r c a s t C .2  throughout a ll s tages of 
steelm aking , tapping and teem ing. However, no obvious d ifference in te rm s  of type 
and num ber of inclusions was observed as a  re su lt , indicating that the level of 
alum inium  in both cas ts  was sufficient to p reven t the form ation of globular alum ino- 
s ilica te  inclusions.
A part from  these differences in alum inium  content, the m ost s trik in g  aspect 
was the close co rre la tion  between the soluble and total alum inium  contents fo r c a s t
C .3 , as a re su lt of the re la tive ly  consisten t level of insoluble alum inium , F ig . 4 .5 1 .
(iv) Tapping P rac tice
In each of the th ree  tr ia l  c a s ts , a  la rg e  taphole was used to prom ote s lag - 
m etal mixing and desulphurisation. The inclusions p re sen t in the ladle sam ples 
taken a fte r the completion of tapping w ere m ainly calcium  alum inates containing 
p a rtic le s  of p e ric lase  (MgO), resu ltin g  from  the entrainm ent of slag  p a rtic le s  in the 
m eta l. H owever, th e ir general content of MgO was also  high as a re su lt of contam i­
nation of the s lag  by m agnesite re fra c to ry  erosion  products from  the fu rn ace , taphole 
o r launder.
As mentioned prev iously , th e re  w ere considerably few er s lag  inclusions in 
the ladle sam ple taken a fte r tapping c a s t C .3  com pared with c a s t C .2 . This could 
have been a sam pling problem  but m ore likely it was the re su lt of a  d ifference in the 
degree of s lag -m eta l mixing as supported by the fac t that sulphur rem oval fo r c a s t
C .3  was only 0.003% com pared with 0.007% fo r cas t C. 2.
Although the m ajo rity  of the CaO-MgO-Al2 C>3 p a rtic le s  en trained  in the m etal 
during tapping appeared to escape into the ladle s lag  la y e r , som e of these  inclusions 
rem ained  entrapped in the s tee l and w ere c a rr ie d  through into the ingots during 
teem ing. The p resence  of varying amounts of MgO and CaO associated  with a lum i­
nates on som e frac tu re  su rfaces fu rth e r indicates tha t these slag -based  inclusions 
w ere possib ly  contributing to the overall inclusion content of the final p ro d u c t, e ith e r 
d irec tly  o r ind irec tly . In o rd e r to reduce the am ount of s lag  mixed into the m etal 
during tapping and thus im prove s tee l c leanness, it would be n e ce ssa ry  to s lag  off 
p a rtia lly  p r io r  to tapping and then hold back the rem aining s lag  fo r as long as  
possib le  during tapping. However, the necessity  to obtain as low a sulphur content 
a s  possib le  d ic ta tes tha t the m etal be tapped through the s lag . N ev erth e le ss , an 
a lternative  desulphurisation technique, such as  re lad ling , should enable the s la g - 
m etal m ixing during tapping to be m inim ised and lead to a  c leaner s tee l in the ingot. 
These conclusions a re  in agreem ent with those of P ick e rin g ^  ^ )  wh 0  h as a lso  pointed
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out that s lag -m eta l mixing during tapping can lead to an in crease  in the num ber of 
inclusions p re sen t in the final p roduct. It m ay be that in s tee ls  where a  low sulphur 
content n ecessita tes  tapping through the s lag , and o ther desulphurisation techniques 
a re  not availab le , then in e rt gas bubbling through a  porous plug in the bottom  of the 
ladle m ight acce le ra te  the rem oval of en trained  slag  p a rtic le s  and re su lt  in a c leaner 
product.
(v) Argon Shrouding
There w ere no obvious indications from  the liquid m etal sam ples tha t argon 
pro tection  of the teem ing s tream  in the two developm ent casts  was reducing the 
volume fraction  of inclusions in the ingots by m inim ising a tm ospheric  reoxidation .
The ladle s tre am  sam p le s , which w ere taken with the argon flow turned  off in the two 
developm ent c a s ts , contained la rg e  m anganese a lum ino-silica te  reoxidation p ro d u c ts , 
e .g .  F ig . 4 .41a . These w ere form ed as a  re su lt of the sam pling technique allowing 
excessive oxidation of the m etal s tre a m  to o ccu r. If such inclusions w ere actually  
form ed during teem ing into the ingo ts , they would probably agglom erate with o ther 
p re -ex is tin g  inclusions (entrained slag , re fra c to ry  erosion  p roducts). Such a 
m echanism  would lead to an in crease  in the volume fraction  of liquid s ilic a te s  in the 
ingots during teem ing. On the o ther hand, with only slight reaction  of the liquid s tee l 
with a tm ospheric oxygen, the resu lting  inclusions would be m ore highly alum inous 
and possib ly  even consist of solid p a rtic le s  of alum ina. The la tte r  could then 
agglom erate in the narrow  confines of the uphill-teem ing sy stem , such a m echanism  
leading to an increase  in the num bers of alum ina c lu s te rs  in the ingots during  
teem ing, as  d iscussed  previously . Although i t  was not possible  to investigate  these 
effects in detail in the p re sen t w ork, the p rac tice  of argon shrouding is  to be continued 
and fu rth e r w ork is to be c a rr ie d  out.
(vi) R efrac to ries
R esults from  the f i r s t  tr ia l  cast C .l  indicated that in a clean s tee l p rac tice  
fo r the production of C-Mn-Nb s tee l, carefu l attention should be paid to the m agnesite 
re fra c to ry  m ate ria l of the fu rnace , taphole and launder, and the a lum ino-silica te  
firec lay  re fra c to rie s  of the lad le , s topper, nozzle and hollow are. Im m ediately a f te r  
tapping this c a s t, entrained slag  p a rtic le s  w ere p re sen t in the m etal and many of 
these inclusions contained MgO p a rtic le s  as a re su lt of contam ination by m agnesite 
re fra c to ry  from  the fu rnace, taphole o r launder. S lag/m agnesite  inclusions of this 
type w ere also  p re se n t in the ingots during teem ing. M gO-rich inclusions consisting  
of spinel within a m anganese alum ino-silicate  m atrix  w ere a lso  p re sen t in the ingot 
sam p le s . They w ere not associated  with s lag  and therefo re  probably form ed by the 
p rec ip ita tion  of MnO, Si0 2  and AI2 O3  re  oxidation/secondary deoxidation p roducts on 
eroded m agnesite re fra c to ry . Reaction with alum inium  in the s tee l then resu lted  in 
the form ation of spinel p a r t ic le s .
F o r cas t C .2 , m agnesite erosion  appeared to be even m ore m arked . S lag / 
m agnesite reaction  products w ere p re sen t in the fu rnace, ladle and ingots.
Manganese a lum ino-silica tes containing (MnMgJO.A^Os p a rtic le s  w ere a lso  observed  
in the ingots.
F o r cas t C .3  how ever, ap art from  the inclusions p re sen t in the ladle a f te r  
tapping, none of the inclusions analysed in the furnace o r  ingot sam ples w ere  r ic h  in 
MgO. M agnesite erosion  th e re fo re , did not appear to be as g rea t in this c a s t a s  in 
the previous two. It is  in te resting  to note tha t th is c a s t to cas t varia tion  co rresponds 
fa irly  closely with the variation  in furnace lining life :—
C ast No. Lining Life
C .3
C .l
C .2
74%
94%
58%
It was not possible  to determ ine the individual contribution from  the fu rnace
lin ing, taphole and launder. All that can be stated  is  that fo r cast C .3 , m agnesite 
erosion  products w ere not observed in the furnace o r ingots; fo r cas t num ber C .l  
m agnesite erosion products w ere observed in the ingots; and fo r c a s t num ber C .2  
they w ere p re sen t in the furnace and ingots. In a ll th ree  c a s ts , M gO-rich calcium  
alum inates w ere p re sen t to varying extents in the ladle a fte r tapping. Experim ental 
data on the effect of increasing  MgO content on the elim ination of calcium  alum inates 
and calcium  a lum ino-silica tes from  liquid s tee l have not been published. How ever, 
the re su lts  of the p re sen t tr ia ls  indicate that M gO-rich calcium  alum inates having 
d iam eters  up to 35 fj,m can rem ain  in the s tee l for periods as long as 38 m in a f te r  
the com pletion of tapping and can eventually pass into the ingots during teem ing.
F o r cas t C .l  another m ajor source of inclusions in the liquid m etal was 
a lum ino-silicate  re fra c to ry  erosion . Manganese attack on the firec lay  re fra c to r ie s  
of the ladle an d /o r hollow are resu lted  in the form ation of a liquid lay e r a t the 
re fra c to ry /m e lt in te rface. The v iscosity  of this lay er decreased  with d ecreasing  
SiC>2 content so that the ease  of rem oval o r erosion  of the layer in c re a se d . The 
resu lting  inclusions w ere manganese a lum ino-silica tes containing trace  am ounts of 
K2 O. Because of the re la tive ly  high m anganese content th e re fo re , this s tee l was 
proving to be susceptible to re fra c to ry  e rosion . The m ajo r source of th is e rosion  
was probably the ladle ra th e r  than the hollow are because of the h igher tem p era tu re  
and longer contact period .
Consequently, in the two developm ent c a s ts , the ladle re fra c to r ie s  w ere m ade 
of high alum ina b ric k  (70% AI2 O3 ) instead of the norm al f ireb rick  (~30% AI2 O3 ) in an 
attem pt to reduce the num ber of erosion  products in the liquid m etal during teem ing. 
D etails of the re fra c to rie s  fo r a ll th ree  tr ia l  casts  a re  given in Table 3 .1 2 . F o r  the 
sam e reasons as stated  prev iously , i t  was im possible to quantify the d ifference in 
inclusion content resu lting  from  this change in ladle re fra c to ry . H ow ever, optical 
exam ination of the ladle s tream  and ingot sam ples from  the th ree  c as ts  did indicate
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som e differences in the m ean com positions of the manganese alum ino-silicate  
erosion  p roducts. F o r c a s t C .l  they w ere m ainly single-phased p a rtic le s  typical 
of m anganese attack on an a lum ino-silica te  b rick  containing ~  30% AI2 O3 . A few 
duplex inclusions containing alum ina w ere also  observed and these possib ly  resu lted  
from  fu rth e r reaction  with alum inium  in the s te e l. F o r cas ts  C .2  and C .3 , how ever, 
they w ere m ainly duplex inclusions containing spinel and alum ina p h ases . This 
h igher AI2 O3  content may have been a re su lt of the higher soluble alum inium  content 
of the two developm ent c a s ts . However, as som e single-phased erosion  products 
w ere observed in both these c a s ts , it  is considered that it  was a lso  a re su lt of the 
use of 70% AI2 O3  ladle b r ic k s , duplex a lum ino-silica tes  containing alum ina being 
the typical equilibrium  reaction  products with m anganese in this c a se . The sing le­
phased erosion  products having low er AI2 O3  contents probably orig inated  from  the 
hollow are o r som e o ther firec lay -type  r e f ra c to r ie s . T hus, although the h igher 
AI2 O3  ladle b rick s  s till  appeared to be giving r is e  to som e a lum ino -silica te  erosion  
p roducts , i t  is  suggested, on the b asis  of the optical m etallographic r e s u lts ,  that the 
volume fraction  of these products in  the liquid stee l during tapping and teem ing was 
le ss  than with the norm al fireb rick  lad le .
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SECTION 6 -  SUMMARY AND CONCLUSIONS
6 .1  VACUUM DEGASSED LOW ALLOY STEEL
P rio r  to tapping the open-hearth fu rnace, the s tee l was re la tive ly  free  from  
oxide inclusions.
During tapping, the addition of fe rro -m an g an ese , fe rro -s il ic o n , fe r ro -  
chrom ium  and alum inium  to the ladje resu lted  in the form ation of liquid m anganese 
a lum ino-silicate  deoxidation products containing sm all amounts of C ^ O g .
These liquid m anganese a lum ino-silica tes w ere also  p re se n t in the s tee l 
during the early  stages of vacuum degassing. With increasing  degassing tim e, 
how ever, th e ir  num ber gradually  decreased  as a re su lt  of coalescence and flotation 
until only occasional inclusions of this type w ere observed .
During the la te r  stages of degassing, ladle erosion  products w ere p re sen t in 
the liquid m eta l. In addition, C rgO g-rich and M gO-rich erosion  products which had 
originated from  the m agnesite-chrom ium  re fra c to r ie s  of the degassing vesse l w ere 
a lso  p re sen t. A lum ino-silicate inclusions containing varying amounts of AI2 O3  
w ere occasionally observed as w ell. The m ost likely source of these was the high 
alum ina cem ent used on the degassing vesse l re f ra c to r ie s . During vacuum degassing , 
the total oxygen content of the s tee l decreased  in itia lly  and then began to in c rease  
again as the ra te  of re fra c to ry  erosion  exceeded the ra te  of inclusion flotation. This 
increase  occurred  approxim ately 18 min a fte r the com m encem ent of degassing , 
although the rapid ra te  of inclusion rem oval finished a fte r only 14 min of the 
degassing cy c le .
Complex m anganese chrom ium  silica te  erosion products containing c ris to b a lite  
and in som e cases chrom ium  galaxite w ere p re sen t in the ladle s tre am  sa m p le s .
They originated from  the siliceous m ateria l used to patch the ladle and had picked up 
chrom ium  from  the liquid s tee l.
The m ajority  of inclusions p re sen t in the ingots during teem ing w ere la rg e ,
duplex c ris tobalite /m anganese  s ilica te  erosion p roducts . Iu these c a se s , they were 
hollow are erosion products orig inating from  the siliceous cem ent used to joint the 
runner b ricks together.
Despite the generally  high level of inclusions in the liquid m etal during tapping, 
degassing and teem ing, the b ille t sam ples from  the p re sen t t r ia l  ca s t w ere re la tive ly  
free  from  non-m etallic inclusions, only occasional, highly alum inous s ilica tes  being 
observed . It has been suggested that they resu lted  from  erosion  of the high alum ina 
cem ent of the degassing v e sse l, although this could not be confirm ed d irec tly . The 
indications a re  th e re fo re , that in this p a rticu la r c a s t, the m ajo rity  of inclusions 
p re sen t in the molten m etal escaped and w ere not trapped in the ingot during so lid i­
fication. N evertheless, the occurrence of certa in  of the inclusion types, p a rticu la rly  
the erosion  p roducts , could be m inim ised , thus resu ltin g  in a c lean er s tee l p r io r  to 
solidification.
One suggestion fo r im proving the cleanness of the s tee l in the ladle would be 
to add m ore alum inium  during tapping, p referab ly  in the form  of fe rro -a lu m in iu m .
This should re su lt  in the form ation of m ore highly aluminous inclusions and therefo re  
an increase  in th e ir ra te  of escape.
A fu rth er possible im provem ent in the ra te  of inclusion rem oval and therefo re  
in stee l cleanness in the ladle m ight be achieved by adding the alum inium  before  the 
fe rro -m an g an ese , fe rro -s ilico n  and rem aining fe rro -ch rom ium  providing the m ixing 
conditions for the la tte r  th ree  additions could s till  be m et. This suggestion is  con­
tra ry  to some of the ideas d iscussed  in Section 2 .3 .2  w here it  was proposed tha t 
additions of a re la tive ly  weak deoxidiser such as m anganese w ill d ec rease  the degree 
of super satu ration  and encourage the form ation of la rg e r  inclusions when a s trong  
deoxid iser is subsequently added. However, by adding the alum inium  before  the 
fe rro -a llo y s , it m ight be possible to form  alum ina inclusions which should escape 
very  rap id ly , p a rticu la rly  as there  is a  g rea t deal of turbulence during tapping.
There would then be le ss  oxygen available for reaction  with the fe rro -a llo y s  and,
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th e re fo re , fewer liquid m anganese s ilica te  deoxidation products which escape less  
rapidly than alum ina would be fo rm ed . The im plication of this proposal is  that inclu­
sion composition is m ore im portant than inclusion size for the rem oval of the deoxi­
dation products and therefore fo r the success of the overall deoxidation p ro c e ss . The 
only lim itation on this p rac tice  is that a certa in  tim e in terval should occur between 
the aluminium and fe rro -a llo y  additions to allow the alumina inclusions to e sc a p e . 
This may not be possible in actual p rac tice  because of the re la tiv e ly  sh o rt tim e 
available to make the additions.
A fu rth er suggestion for im proving stee l cleanness is that carefu l considera­
tion should be given to the condition of the ladle and degassing vesse l re f ra c to r ie s . 
E rosion  of the siliceous m ate ria l used to re p a ir  the bottom of the ladle was a  problem  
in this cas t and was aggravated by the locally high concentration of fe rro -ch ro m iu m  
during tapping. E rosion  of the m agnesite-chrom ium  re fra c to r ie s  and high alum ina 
cem ent of the degassing vesse l was also  a problem . A reduction in the num ber of 
inclusions a ris in g  from  this source m ight be obtained by low ering the turbulence of 
the s tee l flowing through the v esse l. As this s tee l was degassed fo r cleanness and 
analytical purposes ra th e r  than fo r hydrogen rem oval, this could possib ly  be achieved 
by not using the final steam  e jec to r of the RH un it, i . e .  by operating  the unit a t a 
slightly higher p re s su re .
The fact that this stee l was not degassed for the purpose of hydrogen rem oval 
but fo r cleanness and analysis reasons ra is e s  the question as to w hether equivalent 
re su lts  m ight not be obtained by sim ple in e rt gas purging through a porous plug in the 
bottom of the ladle. This would allow the degassing unit to concentrate  m ore on those 
qualities fo r which hydrogen rem oval was e ssen tia l. The only problem  is tha t the 
ladle s lag  is an oxidising one and argon bubbling could prom ote phosphorus rev e rsio n  
as a re su lt of slag -m etal m ixing. This is not too much of a problem  during R .H . 
degassing because the slag  tends to rem ain  re la tively  quiescent.
It is also  c lea r from  the p resen t tr ia l c a s t that approxim ately 15 min a fte r 
the s ta r t  of degassing, the total oxygen content reached a minimum and then began to 
in crease  again as a re su lt of re frac to ry  erosion . T herefo re , som e consideration  
should be given to reducing the degassing tim e.
A final suggestion is that carefu l attention should be paid to the condition of 
the holloware re fra c to r ie s , p a rticu la rly  the siliceous m a te ria l used to joint the 
trum pet and runner b ric k s , as a m ajo r source of inclusions in the p re sen t t r ia l  c a s t 
was holloware erosion  during uphill-teem ing.
6 .2  LOW SILICON LEADED FREE-CUTTING STEEL
On the b asis  of the silicon  contents of the sam ples taken before and a f te r  
tapping, ne ither the silicon p re sen t in the ladle additions nor silicon p re se n t in the 
form  of siliceous slag  inclusions mixed into the m etal during tapping appeared to 
contribute significantly to the overall silicon content of the s te e l.
Pick-up of silicon in the form  of s ilica te  inclusions occurred  in the ladle 
a fte r  tapping. The m ajority  of these s ilica tes  originated from  erosion  of the ladle 
re fra c to r ie s . They p e rs is ted  throughout the teem ing period and w ere p re sen t in the 
ladle s tre a m , ingot and b ille t sam ples. There was no d irec t evidence tha t s lag  
en trainm ent during tapping was a problem .
The bottom b ille t sam ples w ere ex trem ely  d ir ty , containing long alum ino- 
s ilica te  s tr in g e rs  w hereas by com parison , the middle and top b ille t sam ples from  
these ingots w ere re la tive ly  clean. This d ifference in inclusion content between the 
bottom  30% of the ingot and the rem ainder was a re su lt of the bottom  cone segregation  
of alum ino-silicate  inclusions.
There was no significant difference in cleanness between the uphill-teem ed 
ingots and the d irec t-teem ed  o n es . Manganese a lum ino -silica tes  re su ltin g  from  
re frac to ry  erosion  w ere p re sen t in a ll of them . This indicates therefo re  that hollow are 
erosion during uphill-teem ing was not a p rob lem . R ather the pick-up silicon  a f te r  
tapping and the p resence  of a lum ino-silica tes in the b ille ts  w ere a re su lt  of ladle
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e ro sion . This probably included erosion  of the stopper and nozzle as well as the 
actual ladle lining. Thus, because of the very  high Mn:Si ra tio , this s tee l is  very  
susceptib le  to attack by m anganese on a lum ino-silicate  ladle re f ra c to r ie s . The con­
dition of the ladle lining had a m arked effect on the degree of ladle erosion  and th e re ­
fore on the extent of the pick-up of silicon. Ladles which had been used about four 
tim es previously  and which had not been rep a ired  o r patched w ere found to give the 
b e s t re su lts .
The m ain recom m endation th e re fo re , fo r im proving the cleanness of the 
s tee l is that carefu l attention should be paid to the condition of the ladle r e f ra c to r ie s , 
as  the m ajo r source of inclusions was ladle erosion . In this re sp e c t, it m ight prove 
beneficial from  the stee l cleanness point of view to re in fo rce  the re fra c to rie s  in the 
reg ion  of the ladle bottom , e .g .  the use of m ore highly alum inous re fra c to r ie s  fo r 
the bottom  p a r t  of the ladle and stopper rod , and a m agnesite nozzle o r in se r t 
together with a m agnesite o r high alum ina ram m ing compound.
6 .3  CARBON-MANGANESE-NIOBIUM STEEL
F or the two developm ent c a s ts , the m odifications in steelm aking p rac tice  
w ere very successfu l in im proving the through-thickness ductility  of the p la te s .
Although it was not possib le  to quantify the differences in inclusion content a t 
corresponding stages during the th ree  tr ia l  c a s ts , optical m etallographic exam ination 
indicated tha t, in gen era l, there  w ere few er inclusions p re sen t in the liquid m etal fo r 
the two developm ent casts  than fo r the orig inal standard  p rac tice  c a s t.
The use o f a full alum inium  deoxidation p rac tice  instead of one involving a 
fe rro -s ilic o n  block, resu lted  in a m arked reduction in the num ber of deoxidation 
products p re sen t during refin ing.
S lag-m etal m ixing during tapping resu lted  in the en tra inm ent of calcium  
alum inates in the m eta l. These inclusions contained considerable am ounts of MgO
as a re su lt of contam ination by m agnesite re fra c to ry  from  the fu rn ace , taphole or 
launder. These M gO-rich inclusions w ere also  p re sen t in the ingots during teem ing.
F inal sulphur contents w ere very  s im ila r in a ll th ree c a s ts . The indications 
a re  therefo re  that the im provem ent in through-thickness ductility  of the two develop­
m ent casts  was a re su lt of a lower oxide inclusion content ra th e r  than a reduction in 
total sulphur content. In p a r tic u la r , the incidence of g ross alum inate c lu s te rs  a t the 
bottom  of the ingot and A -  seg rega tes of m anganese sulphide a t the top was consi­
derably  reduced . The composition and m orphology of the alum inate p a r tic le s  in the 
c lu s te rs  indicated that they w ere not p rim ary  alum inium  deoxidation p roducts but 
secondary deoxidation/reoxidation inclusions together with a lum in ium /alum ino-silica te  
reaction  p ro d u c ts . Segregation and agglom eration of these inclusions in the bottom  of 
the ingot occurred  during cooling and solidification. However, the sev e rity  of this 
segregation  was le s s ,  and th e re fo re , the through-thickness ductility  of the p la te  
g re a te r , fo r the two developm ent cas ts  than fo r the orig inal standard  c a s t .  As the 
teem ing conditions, in p a rtic u la r  the tem p era tu re , w ere approxim ately the sam e in 
each case , this d ifference in quality was presum ably  a  re su lt of an im provem ent in 
s tee l c leanness, i . e .  a  low er volume fraction  of inclusions in the liquid m eta l during 
teem ing. The fac t that, fo r the sam e m etal sulphur content, th e re  was a lso  a  c o r re s ­
ponding im provem ent in ductility  a t the top of the ingot as a re su lt of w eaker A -  
seg rega te  form ation , im plies that the ingot solidification pa tte rn  was influenced by 
the oxide inclusions in the liquid m eta l. Oxide p a rtic le s  possib ly  acted as nuclei fo r 
the p rec ip ita tion  of iron d e n d rite s , thus prom oting a m ore equiaxed ingot s tru c tu re  
and th e re fo re , according to McDonald and H unt^^^), m ore favourable conditions, 
i . e .  increased  so lid /liquid  reg io n s, for the form ation of A -  seg reg a te s .
Although there w ere no obvious indications that argon shrouding of the teem ing 
s tream  was beneficial from  the point of view of s tee l c leanness, the p ra c tic e  should
be continued until m ore detailed re su lts  a re  availab le.
P lacing the mould additive in the bottom  of the mould p r io r  to teem ing
resu lted  in considerable entrainm ent of the additive in the liquid m eta l. This was 
not the case in the two developm ent casts  w here the mould additive was suspended 
about 30 cm from  the bottom of the mould so that it was added a fte r the s ta r t  of 
teem ing when there  was a pool of m etal in the mould.
M agnesite re frac to ry  erosion  was evident in a ll th ree  c a s ts , bu t p a rticu la rly  
in cast C .2 . It was not possib le  to determ ine the individual contribution from  the 
m agnesite lining, taphole o r launder, but the cas t to cast variation corresponded 
with the variation  in furnace lining life .
Although the h igher AI2 O3  ladle b ricks s till gave r is e  to some alum ino- 
s ilica te  erosion  p ro d u c ts , the indications w ere that this was le ss  than with the 
norm al fireb rick  lad le.
Although a p rac tice  fo r the production of C-Mn-Nb stee l with through-thickness 
p ro p e rtie s  n ecessa ry  to m eet the requ ired  specifications has been developed, i t  is 
considered that fu rth e r im provem ents in both through-thickness ductility  and ingot 
to plate yield could be achieved by additional a fte r-fu rn ace  trea tm en t of the m olten 
s te e l. Accepting that s lag -m eta l m ixing during tapping is unavoidable in te rm s  of 
obtaining a sulphur content of about 0.005%, then argon purging should help to acc e le ra te  
the elim ination of the entrained s lag  p a r t ic le s . In addition, effective trea tm en t of the 
s tee l with a calcium -containing deoxidant should fu rth e r inhibit the form ation of 
alum ina agglom erates as well as detrim ental type II m anganese sulphide in c lu sio n s .
The la tte r  can s till cause p rob lem s, even with a total sulphur content of only 0.005%, 
because of the segregation  ch a rac te ris tic s  of the s tee l solidifying in the 2 0  t  slab  
m oulds. T ria ls  a re  to be ca rried  out to investigate the effects of these fu r th e r 
m odifications on stee l quality.
6 .4  GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK
From  the re su lts  of the investigations reported  in this th e s is , it is  apparen t 
that the entrainm ent of exogenous inc lusions, p a rticu la rly  re fra c to ry  e rosion  p ro d u c ts ,
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in the liquid s tee l during tapping and teem ing is a m ajor source of oxide inclusions 
and can lead to quality problem s (rejections an d /o r reduced yield). These problem s 
a re  likely to becom e w orse in the future as specifications and qualities becom e m ore 
exacting. Consequently, there  is a need fo r fu rth e r work to be c a rrie d  out on the 
form ation of inclusions as a re su lt o f:-
(i) R efracto ry  E rosion  -  with higher m anganese s te e ls , a ttack  by the m anganese 
on firec lay  re fra c to rie s  is  a  serio u s  p rob lem . The indications a re  that this problem  
can be alleviated to some extent by the use of a lum ino-silica te  re fra c to r ie s  having 
h igher AI2 O3  contents and this req u ire s  fu rth er investigation, both on a labo ra to ry  
sca le  and in production h e a ts .
(ii) Slag E ntrainm ent -  the p rac tice  of m ixing slag  and m etal during tapping to 
effect desulphurisation needs carefu l exam ination, as there  is  evidence to indicate 
tha t a d ir t ie r  stee l is  produced with this technique. W here p o ssib le , argon purging 
through a porous plug in the bottom of the ladle should be c a rr ie d  out to prom ote the 
elim ination of entrained slag  p a r t ic le s .
(iii) Re oxidation -  i t  was not obvious from  the p re sen t w ork what effect argon 
shrouding of the teem ing s tre am  had on the non-m etallic  inclusion content of the 
product. However, the available evidence from  the li te ra tu re , although inconclusive, 
is  sufficient to w arran t fu rth e r investigation of th is effect.
Obviously, one of the m ost im portan t fac to rs  from  the s tee l c leanness point 
of view is the elim ination of entrained non-m etallic  m a te ria l. In th is re sp e c t, the 
technique of in e rt gas bubbling and the effect of tem pera tu re  on inclusion rem oval 
req u ire  fu rth er study.
A very  im portant a re a  of developm ent is probably the use of re a c tiv e  elem ents 
such as calcium , in the form  of alloys with o ther e lem en ts , to modify d e trim en ta l 
AI2 O3  and MnS inc lu sions. The physical p ro p e rtie s  of many calc ium -contain ing  
alloys a re  such that they cannot be added to liquid s tee l in the sam e way as norm al
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fe rro -a llo y s . They requ ire  to be added in a m ore carefully  controlled m anner such 
as by plunging o r even injection. The available evidence indicates that the effective 
use of calcium  alloys can lead to m arked im provem ents in s tee l quality. It is 
n e ce ssa ry  therefore that suitable techniques fo r adding reactive  elem ents be investi­
gated . This would apply not only to calcium  but to o ther elem ents such as ceriu m , 
zirconium  and m agnesium  which also appear to have potential as deox id isers and 
inclusion m o d ifie rs .
The p resence  of isolated alum ina agglom erates in s tee l p roducts can give 
r is e  to m ajor quality p ro b lem s, as shown in the p re sen t w ork, and the o rig in , 
form ation and elim ination of these agglom erates req u ire  fu rth e r study. Modification 
with calcium  has already  been m entioned as one possible method and the application 
of f lu o rsp a r/c ry o lite  bombs is worthy of fu rth e r consideration . V ery recen t w ork is  
indicating that le ss  detrim ental alum ina c lu ste rs  and im proved s tee l quality a re  
obtained by deoxidising with a  m ixture of alum inium  and alum ina ra th e r  than pure 
alum inium .
F inally , with the trend towards la rg e r  and la rg e r  ingots, p rob lem s associated  
with inclusion segregation (oxide and sulphide) during solidification a re  likely  to 
in c re a se . Consequently, methods of modifying the ingot solidification p a tte rn  so as 
to produce a m ore favourable inclusion d istribu tion  need to be s tu d ied .
jn .J T  JT lU X 'iX J  x y \ .  Jl
Exam ple of m a trix  co rrec tion  p ro cedu re . O perating voltage 25 kV. 
Take-off angle 20° (After S a lte r , R efs. 166 and 167)
(a) C orrections in b inary  system s
U ncorrected C orrection  from  b inary  system s
cones Kj
MnO CaO a i 2 o 3 S i0 2
MnO 7.9 - 1 0 . 8 8 .4 8 .3
CaO 18.4 23.2 - 23.3 24.3
a i 2 o 3 11.5 36.5 24.5 - 14.2
S i0 2 26.6 53.9 42.0 54.7 -
E iq = 64 .4
(b) Calculation of approxim ate estim ate
Contribution from : Approxim ate
estim ate
Oxide Ki MnO CaO a i 2 o 3 S i0 2
MnO 7.9 - 0 . 6 0.06 0 . 1 2 8 . 6 8
CaO 18.4 1.15 - 1.18 2.08 22.81
a i 2 o 3 11.5 3.11 3.16 - 0.84 18.61
S i0 2 26.6 4.68 4.88 7.15 - 43.31
11•pH
fcTw 93.41
lculation of co rrec ted  concen trations-stage 1 , f i r s t  itera tion
Proportional co rrec tio n s  in: C orrected
cones Cj
Oxide MnO CaO Al2 ° 3 S i0 2
MnO - 2.91 1.80 4.25 8.96
CaO 2 . 8 6 - 6.16 14.90 23.92
A1 2°3 4.26 7.48 - 8 . 2 2 19.96S i0 2 9.35 19.05 2 0 . 2 0 - 48.60
I C j  = 101.44
(d) Calculation of co rrec ted  concen trations-stage 2, second ite ra tion
Proportional co rrec tio n s  in: C orrected
cones Ci
Oxide MnO CaO AI2 O3 SiOg
MnO - 2.80 1.79 4.39 8.98
CaO 2.71 -  ■ 5.90 15.30 23.91
a i 2 o 3 4.04 7.15 - 8.45 19.64
S i0 2 9.18 19.00 20.30 48.48
E C i=  1 0 1 . 0 1
Hence the final co rrec ted  values a re
MnO CaO AI2 O3  Si0 2
9 .0  23.9 19.6 48 .5  ECi = 101.0
When som e experience has been gained in using this technique it  is  often 
possib le  to om it stage (b) and effectively estim ate the probable values of K ^ .  This 
reduces the amount of calculation re q u ire d .
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Equilibrium  Constant 
K
Composition
Range
K
at 1600°C log K
[hA1] ^  [ h o ] 4 <0.0001%  Al 1 . 1  x 10-15 -71 600 + 23.28 
T
t hA l ^  D t f  * >0.0001% Al 4.3  x 10- 1 4 -62 780 + 20.17 T
h i ? - 1 .3  x 10“ 6 -
[hc ] [h^] la tm .C O >0.02%  C 2 .0 x 1 0 - 3 -1168 -  2.07 
T
l> C r ^  M <3% Cr 4 .0  x 10" 6 -50 700 + 21.70 T
1—1 tJ4 0  
1_1 to <F i_i CO >3% Cr 1 . 1  x lO - 4 -40 740 + 17.78 T
^  [1b ] >1% Mn 5.1 x 10-2 -1 4  450 + 6.43 T
rhsi^ ^ >0.002%  Si 2 . 2  x 1 0 " 5 -30  410 + 11.59 T
[ h T1]  U>0 3 <0.3%  Ti 2 . 8  x 1 0 -d -
[ h T l ]  Dip] >5% Ti 1 .9 x 1 0 - 3 -
CM ly 4 <0.1%  V 8.3 x 10-8 -
CMDtf4 >0.3%  V 3 .5  x 1 0 - 6 -
Table 2 .1
Equilibrium  constants for severa l deoxidants in liquid 
iro n  satu rated  with the respec tive  oxide.
(After Turkdogan and F ruehan , E e fs . 10-12).
Solute
j
In te raction
Coefficient
ei
Composition
L im it
<%j
Al -3 .9 0 .2
B -2 .6 0.05
C -0 .1 3 1 .0
Co 0.007 5 .0
C r -0 .037 20.0
Cu -0 .016 15.0
Mn 0 -
N 0.057 -
Nb -0 .1 4 3.0
Ni 0.006 20.0
O -0 .2 0 -
P 0.07 0 .5
s -0 .091 -
Si -0 .1 4 -
Ti -1 .1 5 0 .3
V -0 .4 5 .0
w 0.008 5.0
T able 2 .2
In teraction  coefficients, e^, fo r  sev e ra l elem ents, together with 
the com position lim its  fo r which equation (2.6) is  a  reasonab le  approxim ation. 
(After Turkdogan and Fruehan, R ef. 11)
Solid oxide Liquid m etal Gas Contact angle, 0°
A12°3 Fe A r 141
A12 °3 Fe-4.5%  C Ar 133
A12 °3 Fe-5.1%  Si A r 126
A12 °3 Fe-12.2%  Mn Ar 103
A12 °3 Fe He 128
A>2°3 Fe-3.4%  C He 112
A^ s Fe-3.9%  C He 104
s io 2 Fe N2 115
CaO Fe N2 132
T i0 2 Fe Vacuum 72
T i0 2 Fe H2 84
Cr2 °3 Fe A r 88
Table 2 .3
Contact angles (After Kozakevitch and O lette , R ef. 93)
M elt
Composition 0° J /m 2 2 
(e rg /cm  )
AG
J /m 2 2 
(e rg /cm  )
E stim ates  -
Vs
J /m 2 2 
(e rg /c m  )
^ sm
J /m 2 2 
(e rg /c m  )
P u re  iro n 140 1.8 -3 .179 0 .9 2.279
(1800) (-3179) (900) (22 79)
Iron  containing 133 1.73 -2 .9 1 0 .9 2 .08
4% C (1730) (-2910) (900) (2080)
Iron  containing 140 1.39 -2 .455 0 .9 1.965
0.02% S (1390) (-2455) (900) (1965)
Iron  containing 80 1.1 -0 .909 0 .9 0.709
0.07% O (1100) (-909) (900) (709)
Table 2 .4
Values of AG = YB ~ Y m ~  ^ sm  = %n (cos 0 - 1 )  obtained at 1600°C 
fo r alum ina (After Kozakevitch and O lette, R ef. 93)
Slag
Composition
M etal
Composition
Vm 
J /m 2 
(e rg / cm 2)
n
J /m 2 
(erg /cm 2 )
?m l
J /m 2
(erg/cm ^)
S -  Vm “ ^1 ~ ^m l 
J /m 2 
(erg /cm 2 )
33.3% CaO 
33.3% AlgOg 
33.3% S i0 2
C om m ercially 1.636 0.456 1.147 +0.030
p u re  iron (1636) (456) (1147) (+30)
As above + Com m ercially 1.636 0.390 1.205 +0.038
20% CaF2 p u re  iron (1636) (390) (1205) (+38)
30.7% CaO
15.2%A120 3 C om m ercially 1.636 0.386 1.169 +0.087
38.8% S i0 2 
15.3% C aF2
p u re  iro n (1636) (386) (1169) (+87)
33.3% CaO 
33.3%A12Os 
33.3% S i0 2
Iron  containing 1.511 0.456 1.153 -0 .098
0.01% O (1511) (456) (1153) (-98)
As above + Iron  containing 1.511 0.390 1.216 -0 .095
20% CaF2 0.01% O (1511) (390) (1216) (-95)
T able  2 .5
R elationship between su rface  energy of slag , y \ 9 of m eta l, of the s lag /m e ta l 
in te rfac ia l energy, y m \ , and the spreading  coefficient, S. A po sitiv e  value of 
S corresponds to spreading of the slag  a t the su rface  of the m olten m e ta l. 
(After Kozakevitch and O lette, R ef. 93)
Steel Type
A B C D
% N 0. 03 0. 08 0.10 0. 27
A12°3 138 128 130 119
e°sio2 112.5 104 106 97
J /m 2
(e rg /cm 2)
1. 357 
(1357)
1. 311 
(1311)
1. 302 
(1302)
1. 241 
(1241)
J /m 2
r sm Ai o  (e rg /cm 2) 
2 3
1.698
(1698)
1. 497 
(1497)
1. 527 
(1527)
1. 291 
(1291)
J /m 2
ysm g.0  (e rg /cm 2)
0. 826 
(826)
0.624
(624)
0.665
(665)
0.458
(458)
-A G  J /m 2  o AlgOg (e rg /cm 2)
2. 365 
(2365)
2.118 
(2118)
2.139 
(2139)
1. 843 
(1843)
J /m 2 
S i0 2 (e rg /cm 2)
1. 876 
(1876)
1.628
(1628)
1.661
(1661)
1. 392 
(1392)
Table 2.6
V ariation in contact angle, 0, s tee l su rface  energy , ym , 
s tee l/in c lu sio n  in te rfac ia l energy, .y s m , and su rface  
free  energy change, AG = ym  (cos 0 - 1 ) ,  fo r  alum ina 
and s ilic a  inclusions in austen itic  s ta in less  s tee l alloyed 
with n itrogen a t 1500°C. (After Cosm a, Ref. 96)
Slag Com position, w t. % Inclusion Type
Slag
Type Other
Compounds
a i2o 3 S i0 2
CaO A12°3 -AG
J /m 2
-AG
J /m 2
1 48.9 51.2 - 0.676 0.186
2 51.0 39.2 9.8 T i0 2 0.477 -0 .014
3 38.2 39.5 21.2 T i0 2 0.325 -0 .165
4 52.1 44.7 5 .0  Z r 0 2 0.559 0.073
5 47.2 42.5 10.9  Z r 0 2 0.606 0.116
6 44.9 31.5 21.3 Z r 0 2 0.770 0.280
7 40.0 50.2 0.55 NaF 0.518 0.028
8 50.4 44.3 6 .4  NaF 0.010 -0 .4 8 0
9 52.5 50.6 10.9  NaF -0 .083 -0 .573
10 31.5 33.2 1 .9  S i0 2
19.2  C aF2
11.3 MgO
0.179 -0 .311
11 36.3 54.2 1 .2  S i02 
3 .8  C aF2 
3 .7  MgO
0.552 0.062
12 10.3 25.3 2.7 S i0 2 
60 .4  C aF2
0.014 -0 .476
Table 2.7
V ariation in surface  free  energy change, AG = ys i + -  ^ m , fo r the
escape of alum ina and s ilica  inclusions from  austenitic  s ta in less  s tee l 
containing 0. 08% N into d ifferent slags a t  1500°C.
(After C osm a, R ef. 96)
Type of inclusion
A verage
d iam eter,
jLim
A pproxim ate
re la tiv e
volum e
Alum ina, spinel and CaO. 6Al20 g  (other than c lu ste rs ) 5 1
O ther calcium  alum inates 27 160
Secondary deoxidation products (Si-killed stee l) 32 260
P rim a ry  deoxidation products (S i-killed steel) 49 940
S ilicate erosion  products (A l-killed steel) 64 2100
Silicate erosion  products (S i-killed steel) 107 9800
Table 2. 8
R elative volum es of various types of inclusions (After P ickering , Ref. 102)
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Fu rnace  additions, w t. % L adle additions w t. % W t. of s lag  tapped
Heat Si-Mn Fe-S i Si-A l-C a Al Si-A l-C a Al into lad leSi-Ca Si-Ca t
A 0.375 0.065 1 .0 0 .7  + 0.15 0 .5 0 .2 1 .4
B 0.320 0.090 1 .0 0 .9  + 0.25 0 .5 0 .1 1 .9
C 0.280 0.160 0 .9  + 0.25 0 .2 0 .6
D 0.305 0.100 1 .0 0 .8  + 0.15 0 .5 0 .1 0 .8
Mg content of additions: Si-Mn (1.5%), F e-S i (2.7%) and S i-C a (2.5% )
T able 2 .10
D etails of deoxidising additions (After Kohn et a l, R efs. 118 and 119)
N on-M etallic m a te ria l
Specific A ctiv ities of Non-M etaUic M ate ria ls , coun ts/m in /m g
Heat A H eat B Heat C Heat D
Furnace  slag 24
Ladle slag 59 35 201 321
Tundish flux 470745
400
490
310
570
14
4
Mould flux 
(continuous casting)
940
260
690
980
415
385
570
350
4
1
2
Scum on uphill-teem ed  ingot 780 300 1050 12
Scum on d irec t-teem ed  
ingot
5080
3165
1000
4480
5100
1670 120
18
23
Deposit in nozzle
6900
10800
6280
11400
22800
18700
21900
T able 2.11
Specific activ ities  of non-m eta llic  m a te ria ls  
(After Kohn et a l, R efs. 118 and 119)
Content,
ppm
Change, 
ppm
O N O N
Norm al tapping (4 heats)
In furnace before tapping 195 944
In ladle im m ediately a f te r  tapping 210 986 +15 +42
In ladle before pouring 182 994 -28 +8
Shielded pouring (6 heats)
In furnace before tapping 145 558
In ladle im m ediately a fte r  tapping 158 568 +13 +10
In ladle before pouring 148 570 -10 +2
Table 2.12
Changes in oxygen and nitrogen contents during tapping and 
during ladle holding (After E ric sso n , r e f .  120)
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Time Steelmaking Additions Samples Comments
13.07 Metal 1 From furnace
13.10 Start of tap, 1672°C
13.11 FeMn, FeSi and Cr Temp Ladle additions
13. iH Al
13.16 End of tap
13.17 Metal 2 From ladle
13.21^ Metal 3 From ladle at degasser
13.23 Start of degassing
13.24 Vermiculite added
13.26 Metal 4 From ladle (failed)
13.30 Metal 5 From ladle
13.30^ 1606°C
13.32 Metal 6 From ladle
1 3 .3 4 | Metal 7 From ladle
13.36^ Metal 8 From ladle
13.38^ Metal 9 From ladle (failed)
13.39 1592°C
13.402 Metal 10 From ladle
13.452 Metal 11 From ladle
13.472 Metal 12 From ladle
13.482 1580°C
13.52 Metal 13 From ladle (failed)
13.55 End of degassing
14.07 Start teem 1st plate
14.122 Metal 14 From ingot 1
14.132 End teem 1st plate
14.14 Metal 15 From ladle stream
14.14 Start teem 2nd plate
14.20 Metal 16 From ingot 7
14.21 End teem 2nd plate
14.222 Start teem 3rd plate
14.282 Metal 17 From ingot 13
14.302 End teem 3rd plate
14.31 Metal 18 From ladle stream
14.32 Start teem 4th plate
14.362 Metal 19 From ingot 19
14.37 End teem 4th plate
14.38 Metal 20 From ladle stream
14.38 Start teem 5 th plate
14.43 Metal 21 From ingot (failed)
14.432 End teem 5 th plate
14.44 Metal 22 From ladle stream
Table 3 .1
Chronology of steelm aking tr ia l  A .l
Time Steelmaking Additions Samples Comments
9. 59 Power on
10. 00-11. 55 1444 m 3 0 2
11. 57 Spar Push in
12. 06^ Slag 1 Melt out
12. 07 £ 1550°C
12. 08 Metal 1
12. 10-12.18 227 m 3 0 2 Slag flush
1 2 .18-J Slag 2
12.19 Metal 2
1 2 .19 | 1580°C
12. 20-12. 29 0 2 blow Slag flush
12. 29 1615°C
12. 291 Metal 3
12. 30 Slag 3
12. 34 Slag 4
12. 34 | Metal 4
12. 38 1635°C
12. 39 Slag 5
12. 39^ FeMn Block
12. 42 Metal 5
12. 44 Start to tap
12. 45 FeMn, N 2FeMn, FeP, S Additions to ladle
12. 50 End of tap
12. 50i Spar, Ferrux
12. 52 1575°C
12. 52 | Metal 6 Sample from full ladle
12. 57 Lead down trumpet Start teem 1st plate
13. 03 Metal 7 From ingot
13. 032 End teem 1st plate
13. 05 Metal 8 From ladle stream
13. 05^ Lead down trumpet Start teem 2nd plate
13. 13 Metal 9 From ingot
13. 13\ Metal 10 From ladle stream
13. 15 End teem 2nd plate
13. 15^ Lead down trumpet Start teem 3rd plate
13. 24 Metal 11 From ingot
13. 25 Metal 12 From ladle stream
13. 26 End teem 3rd plate
13.30 Slag 6 Final ladle slag
Table 3 .2
Chronology of steelm aking tr ia l B . 1
Time Steelmaking Additions Samples Comments
12. 30 Power on
12. 30 -  14. 30 1500 m a Od
14. 39 Melt out; 156 5°C
14. 42 -  14. 50 240 m 3 0 3 Slag flush
14. 51 1610°C
14. 58 Electrodes dipped
14.59 FeMn Block; 1625°C
15.03 1630°C
15. 08 Start to tap
15. 09 FeMn, Ns FeMn, FeP, S Additions to ladle
15.14 End of tap
15. 15 Metal 1 From ladle
15. 24 Lead down trumpet Start teem 1st plate
15. 30 End teem 1st plate
15. 31 Start teem direct ingot
15. 35 Metal 2 From direct ingot; end teem
15. 36 Lead down trumpet Start teem 2nd plate
15. 42 Metal 3 From ladle stream
15. 42£ End teem 2nd plate
15. 43 Metal 4 From ingot
15. 44 Lead down trumpet Start teem 3rd plate
15.46 Oxygen lance on nozzle
15. 54 Oxygen lance on nozzle
15. 56^ Oxygen lance on nozzle
15. 57 End teem 3rd plate
15. 57 ^ Metal 5 From ingot
Table 3 .3
Chronology of steelm aking tr ia l B .2
Time Steelmaking Additions Samples Comments
7.44 Power on
7.44 -  9.30 1840 m3 oxygen
9.30 Melt out; 1570°C.
9.33 -  9.41 230 m3 oxygen Slag flush
9.42 1610°C.
9.55 Electrodes dipped
9.56 FeMn Block; 1630°C.
9.57 Metal 1
9.58 Start to tap
10.00 FeMn, NgFeMn, FeP, S Additions to ladle
10.04 End of tap
10.07 Metal 2 From ladle
10.12 lead down trumpet Start, teem 1st plate
10.21^ Metal 3 From ladle stream
10.22 Metal 4 From ingot
10.22 Slight running stopper
10.22^ Start teem direct ingol
10.24^ End teem direct ingot
10.25 Metal 5 From direct ingot
10.25^ lead down trumpet Start teem 2nd plate
10.33 Metal 6 From ladle stream
10.35^ End teem 2nd plate
10.36 Metal 7 From ingot
10.36^ lead down trumpet Start teem 3rd plate
10.38 Oxygen on nozzle
10.44 Metal 8 From ladle stream
10.44^ End teem 3rd plate
10.45 Metal 9 From ingot
Table 3 .4
Chronology of steelm aking tria l B . 3
Time SteelmakingAdditions Samples Comments
8 .39 Pow er on
8 .39 -10 .10 1130 m 3 oxygen
10.10 M elt out; 1555°C
10.15 E lec trodes dipped
10.17-10.28 255 m 3 oxygen Slag flush
10.29 1575°C
10.40 1600°C
10.42-10.46 40 m 3 oxygen
10.48 1625°C
10.52 E lec trodes dipped
10.54 FeMn Block
10.55 1635°C
10.56 M etal 1 F rom  furnace
10.59 S ta rt to tap
11.00 FeM n, F e P , S Additions to ladle
11.03 End of tap
11.06 Metal 2 F rom  ladle
11.08 M etal 3 F rom  ladle
11.11 Lead down trum pet S ta rt teem  1st p la te
11 .20J M etal 4 F rom  ladle s tre am
11.21 End teem  1st p la te
11 .21J M etal 5 F rom  ingot on 1st plate
11.22 S ta rt teem  d ire c t ingot
11.24 End teem  d ire c t ingot
1 1 .2 4 | Lead down trum pet S ta rt teem  2nd plate
11.34J M etal 6 F rom  ladle s tream
11.35 End teem  2nd plate
1 1 .3 5 | M etal 7 F rom  ingot on 2nd plate
11.36 Lead down trum pet S ta rt teem  3rd plate
11.39 Oxygen on nozzle
11.45 M etal 8 F rom  ladle s tream
11.45J End teem  3rd plate
11.46 M etal 9 F rom  ingot on 3rd p late
Table 3 .5  
Chronology of steelm aking tr ia l B . 4
T r ia l c a s t B . l B . 2 B. 3 B . 4
M elt carbon, % 0.18 0.14 0.17 0.06
Tap carbon, % 0.06 0.06 0.05 0.06
FeMn bath block, kg 76 76 76 76
F inal bath silicon , % 0.004 0.006 0.003 0.002
Launder coating Siliceous M agnesite M agnesite Siliceouj
Ladle life , no. of previous heats 18 1 4 12
Lad
le 
ad
dit
ion
s
FeM n, kg 1321 1270 1270 1372
Si content of FeM n, % 0.30 0.28 0.25 0.30
Si contribution a t 100% yield , % 0.004 0.003 0.003 0.004
F e P , kg 229 76 178 330
Si content of F e P , % 0.60 1.22 1.70 0.12
Si contribution a t 100% y ie ld , % 0.001 0.001 0.003 <0.001
N2FeMn, kg 51 51 51 None
Si content of N£FeMn, % 0.41 - - -
Maximum Si contribution from  
fe rro -a llo y s , % 0.005 0.004 0.006 0.004
Ladle silicon , % 0.006 0.005 0.004 0.003
Mean p it s ilicon , % 0.013 0.012 0.007 0.010
Mean product silicon , % 0.010 0.007 0.007 0.007
Table 3.6
Summ ary of steelm aking details  fo r free -cu ttin g  cas ts
Time Steelmaking Additions Samples Comments
17.10 Melt out
17.10 -  17.50 Oxygen blow
17.50^ Metal 1
17.51 -  18.12 Oxygen blow
18.12! Metal 2
18.20 Slag off
18.24 Metal 3
18.30 FeSi
18.31 Desulfex 75
18.45 Metal 4
1 8 .4 5 | A1
18.46! 1660°C
18.50 Bath paddled
18.54 Metal 5
18 .54! 1640°C
19.15 Metal 6
19 .28! FeMn
19.36 Metal 7
19.38 FeMn + FeNb -
19.42! Metal 8
19.51 -  20.00 A1 Tap
20. 00! Metal 9 From Ladle
20.06 Start teem 1st plate
20.12 Metal 10 From Ingot
20.12! End teem 1st plate
20.13 Start teem 2nd plate
20.19 Metal 11 From ladle stream
20.19! End teem 2nd plate
20.20 Start teem 3rd plate
20.27 -  20.29 Breakout; direct teem
20.29! Metal 12 From Ingot
20 .30! Metal 13 From ladle stream
20.31 End teem 3rd plate
20.32 Start teem 4th plate
20.38! Metal 14 From Ingot
20.39! Metal 15 From ladle stream
20.40 End teem 4th plate
20.41 Start teem 5th plate
20.50 Metal 16 From Ingot
20.51 Metal 17 From ladle stream
20.52 End teem 5th plate
Table 3 ,7
Chronology of steelm aking tr ia l C .l
Time Steelmaking Additions Samples Comments
9.40 Power on13.40 Melt out13.40-14.10 Lime + spar + oxygen Slag flush14.10 1630°C14.11-14.16 A1 Slag off14.17 Block14.19 Lime14.27 1660°C14.27* Metal 114.28 FeSi14.33* Metal 214.34 1650°C14.42* Metal 314.43 1670°C14.48-14.50 Bath paddled14.50* Metal 415.04 Bath paddled15.05* Metal 515.06 1680°C15.07 A1
15.08-15.15 Slag flush15.19 FeSi
15.20 Desulfex15.27-15.29 Bath paddled15.29* Metal 615.31 FeNb + FeMn15.32 FeMn15.36* 1620°C15.37 Metal 715.43 1640°C15.43* Metal 8
1 5 .4 8 | Start of tapping15.51 A1 Stop tapping15.5215.53 Restart tapping16.01 End of tapping16.01* 1600*C16.02 Metal 9 From ladle1 6 .H i  1 6 .1 6 | Start teem  1st ingotMetal 10 From ingot16.17 End teem  1st ingot
16.18, Start teem 2nd ingot16.25* Metal 11 From ingot16.26 Metal 12 From ladle stream16.27 End teem 2nd ingot16.30, Start teem  3rd ingot16.39* Metal 13 From ingot1 6 .4 0 | Metal 14 From ladle stream16.42 End teem 3rd ingot
16.43 Oxygen on nozzle16.44* Start teem  4th ingot16.53* Metal 15 From ingot16.54 Metal 16 From ladle stream
16.55* End teem 4th ingot16.56 Oxygen on nozzle
16.58 Start teem 5th ingot
17.10 Metal 17 From ingot17.12 Argon shroud off17.12* Metal 18 From ladle stream
17.13 End teem  5th ingot
Table 3 .8
Chronology of steelm aking tr ia l C .2
Time Steelmaking Additions Samples Comments
6.55 Power on
10.05 Melt out
10 .0 5 -1 1 .29 | Lime + spar + scale + oxygen Slag flush
11.31-11.37$ Slag off
11.38 Metal 1 (failed)
11.40 A1
11.42 Lime + spar
11.45 Electrodes dipped11.54^ 1640°C
11.55 Metal 2
11.56 FeSi
12.02^-12.06 Bath paddled
12.09^ Metal 3
12.15 Metal 4
12.16-12.21 Desulfex Injected into bath12.22^ Metal 5
12.23^-12.31 Slag flush
12.31^ 1620°C
12.32 A112.33^ Desulfex
12.4l£ 1610°C
12.42 Metal 6
12.44 . Metal 7
12.48 1620°C12.53^ FeMn + FeNb + FeSi Final additions
12.56^ 1630°C
12.57 Metal 8
13.00 1640°C
13.02^ Start tap
13.05 Stop tap
13.05^ A1
13.07^ Restart tap
13.10 End tap
13.11 1600°C
1 3 .H i Metal 9 From ladle
13.18^ Start teem 1st ingot
13.24^ Metal 10 From ingot
13.26 End teem 1st ingot
13.26^ Metal 11 From ladle stream
13.27^ Start teem 2nd ingot
13.36^ Metal 12 From ingot
13.39 End teem 2nd ingot
13.40 Start teem 3rd ingot
13.52 Metal 13 From ingot
13.54^ End teem 3rd ingot
13.55 Metal 14 From ladle stream
13.56 Oxygen on nozzle
13.58 Start teem 4th ingot
14.04 Metal 15 From ingot
14.08 End teem 4th ingot
14 .08 | Metal 16 From ladle stream
14.09 Oxygen on nozzle
14 .10 | Start teem 5th ingot
14.17^ Metal 17 From ingot
14.19 End teem  5th ingot
14.20 Metal 18 From ladle stream
Table 3 .9
Chronology of steelm aking tr ia l C . 3
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Inclusion
Figu re Phase*
A nalysis (wt. %)
Fe
O
Mn
O O•pHCO
COO<M
<
COO<N?-(o C
aO Mg
O m
toO<N
CNJO•i- iH
O<NJw
4.1 a - 15 7 20 1 2 45 8 tr** t r t r -
4.1b - 2 25 50 25 2 tr - ■ - - t r -
4 .1c - 2 25 48 27 3 tr - - - t r -
4 .2 a - 2 25 42 30 3 t r - - 1 ■ -  .
4.2b - 1 24 34 37 3 tr - - - t r -
4 .2c A - - 100 - - - - - - - -
4 .2c B 5 42 48 tr 9 - - - - - -
4.2d ■ - 1 24 28 45 2 tr - t r - t r -
4 .2e - 1 20 31 47 1 1 - t r - t r -
4 .3 a A - - - 100 - - - - - - -
4 .3 a B 1 18 42 35 1 1 t r - t r -
4.3b A 2 4 33 65 tr tr - - - t r -
4.3b B 2 30 30 35 2 1 - t r - t r -
4 .3c - 2 25 40 30 3 tr - - - t r 1
4.3d - 2 20 52 12 2 12 2 t r t r t r t r
4 .3e A - - 100 - - - - - - - -
4 .3e B 1 45 49 3 2 - - t r - - -
4 .3f A 4 7 tr 5 70 2 12 t r t r - -
4 .3f B tr 8 32 4 1 45 10 t r 2 t r -
4 .4 a A ' -  ■ - 100 - - - - - - - -
- 4 .4 a B 5 15 50 2 25 - - - - - -
4 .4 a C 2 50 45 2 5 t r - t r - - -
4.4b A - - 100 - - - - - - -
4.4b B 2 30 - t r 70 - -  . - - - -
4.4b C 4 16 48 3 23 - - - - - -
4.4b D 3 47 46 1 3 tr - t r - t r -
4 .4c A - - 100 - - - - - - - -
4 .4c B 2 28 tr t r 69 - - - - - -
4 .4c C 7 17 52 2 26 - - - - - -
4 .4c D 1 52 45 2 5 t r - t r - - -
4 .5 a A - - 100 - - - - - - -
4 .5 a B 3 40 50 tr 10 - - - - -
4.5b - 1 20 35 40 3 tr - t r - 1 tr
4 .6 a A - - - 100 - - - - - - -
4 .6a B 1 14 42 38 1 1 t r t r - t r 2
4.6b - 2 2 30 40 tr 15 8 t r t r t r -
4 .6c - 2 20 35 42 2 t r - t r - 1 2
4.6d - 3 19 45 26 2 5 - - - t r 1
Table 4.1
A nalyses of inclusions
* U nless a p a rtic u la r  phase is  specified , the analysis  given 
is  an average one fo r the inclusion as a  whole 
** t r  = tra ce  am ount, i . e .  le s s  than 1 wt. %
Analysis (wt. %)
Inclusion
Figure Phase O<d O CMo
COOCM
COOCM Ooj S,
CQ lOOCM
CMO OCM£ m r-H.< o U l Ph w
4 .7 a A - - 100 - - - - - - - -
4 .7 a B 2 40 50 2 8 3 - t r - - -
4.7b A - - 100 - - - - - - - -
4.7b B 3 19 50 - 30 - - - - - -
4.7b C 3 51 45 t r 4 - . - t r - ' -
4 .8 a - t r 3 15 80 1 - -  ' - - t r -
4.8b - 1 4 20 75 1 - - - . - t r t r
4 .9 a - 6 24 36 16 t r 9 - 1 t r 2 -
4.9b - 9 27 35 15 t r 10 - 2 - 2 -
4 . 9c A 13 24 6 35 16 2 2 t r - 2 -
4. 9c B 12 28 34 16 tr 8 t r t r - t r -
4 . 9d - 9 24 35 5 t r 20 2 2 tr 1 -
4.10a - 10 25 35 5 t r 20 1 1 t r 2 -
4.10b - 14 25 30 10 3 15 t r t r - 1 -
4.10c A 42 21 tr t r 4 3 32 - t r - —
4.10c B 10 5 20 8 t r 54 1 2 3 t r -
4.10d A 40 45 tr t r 4 5 2 - - - -
4. lOd B 12 15 22 8 tr 38 tr 2 2 t r -  .
4.11a - 6 48 25 4 tr 7 t r 10 t r t r -
4.11b - 3 48 22 16 t r 5 t r 3 - t r t r
4.11c A 10 85 - - t r 5 - t r - - -
4.11c B 5 25 18 7 - 38 - 5 1 t r -
4.12a - 3 34 30 34 tr t r t r 3 - 1 t r
4.12b A 5 40 - 55 1 - - - - - -
4.12b B 3 48 27 16 - - - t r - 1 1
4.12c A 4 42 - 54 2 - - - - -
4.12c B 2 46 25 24 - - - t r - 1 1
4 .12d A 17 80 - - 3 - - t r - -  '
4.12d B - - - - - - - 100 - - -
4.12d C 5 50 25 4 tr 2 t r 18 - t r -
4.12e - 9 50 15 3 tr 3 - 18 -  . t r -
4.13a - 5 38 27 29 - t r t r 4 - 1 tr
4.13b - 9 53 13 4 tr 2 - 18 - t r -
4.13c - 10 47 13 6 t r t r - 26 t r t r -
4.13d A 13 85 - t r 2 - - t r - - -
4.13d B - - - - - - - 100 - - -
4.13d C 9 45 25 7 tr 3 t r 11 - t r -
4.14c A - - - - - - - 100 - - -
4.14c B 3 40 - 53 5 - - - - - -
4.14c C 4 59 19 3 - t r - 15 - t r t r
4 . 14d - 4 62 19 2 t r t r t r 15 -  . t r t r
4.14e A - - - - - - - 100 - - -
4.14e B 3 40 - 55 5 - - - - - -
4.14e C 6 91 2 tr - - - 3 - - -
4.14e D 4 65 23 2 - t r - 9 - - t r
Table 4.1 (continued)
Inclusion
Figu re Phase
A nalysis (wt. %)
Fe
O
Mn
O cmO•pHCO
COoCM
pH<
COOCM
O C
aO Mg
O m
LOOCMft.
CMO•pHEH
OCMW
4.23 A 1 2 28 2 - 57 8 - 2 - -
4.23 B 12 tr - - 3 t r 80 - - - -
4.23 C 1 2 26 4 - 61 4 - 2 - -
4.32a - 4 11 38 6 t r 40 4 t r 1 t r -
4.32b - 3 18 67 5 tr - - - 2 -
4.32c A - - - 100 - - - -  - - - -
4.32c B 2 22 33 32 - 1 t r - - 5 -
4 .32d - 1 2 33 10 - 45 3 t r 2 t r -
4 .32e A - - 100 - - - - -
4 .32e B 2 26 36 28 -  . t r t r - - 4 -
4 .32f - t r t r 30 12 - 50 6 tr 2 t r -
4.32g - 1 62 35 2 tr t r - t r - - -
4 .33a - 2 t r 20 17 - 53 5 1 2 tr -
4.33b A - - - - - - 100 - - - -
4.33b B t r t r 20 18 - 55 5 1 2 t r -
4 .34a - 1 42 32 22 t r - -■ t r - 2 -
4.34b - 1 42 35 20 - t r - t r - 1 t r
4 .35a - 2 40 38 22 - t r t r t r - t r t r
4.35b - 2 35 37 26 - 3 2 - - t r t r
4.35c A 3 21 3 67 tr 10 - - - -
4.35c B 2 27 35 28 - 3 tr - - t r t r
4.35d A 2 3 - 74 - - 25 - - - -
4 .35d B t r t r 2 64 - 35 3 - 1 -
4.38a - - - - 100 - - - - - - -
4.38b - - - - 100 - - - - - - -
4.38c - - - - 100 - - - - - - -
4 .38d - 2 20 50 25 t r t r - - - 1 -
4.38e - - - - 100 - ' - - - - - -
4.38f A - - - 100 - - - - - - -
4 .38f B 3 3 24 45 - 24 tr - t r t r -
4.38h - - - - 100 - - - - - - -
4 .38i - - - - 100 - - - - - - -
4.38j A - - - - - - 100 - - - -
4.38 j B t r t r 5 25 - 65 2 1 2 t r -
4.38k A 4 38 t r 57 - - t r - - 1 t r
4.38k B 2 40 30 22 - 2 - t r t r 2 -
4 .39a A - - - - - - 100 - - - -
4.39a B t r t r 15 15 - 65 3 1 2 t r -
4.39b A - - - - - - 100 - - - -
4.39b B 1 2 18 14 - 59 2 t r 1 t r -
4 .40a -  . t r t r 1 36 - 52 4 1 2 - -
4.40b A - - - - - - 100 - - -
4.40b B t r - 12 20 - 64 1 1 2 t r -
Table 4 .1 (continued)
Inclusion
Figure Phase
A nalysis (wt %)
Fe
O
Mn
O <NO•HCO
coO<N
f-H<5
COO<MUO C
aO Mg
O m toO<Nft
<NO
s
O<M
4.41a - 5 56 31 7 tr - - - - t r -
4.41b - 2 37 30 28 - - - - 2 -
4.41c A - - - 100 - - - - - - -  '
4.41c B 1 40 32 27 - t r - - - 1 tr
4.41d A 1 34 2 53 - - 3 - - 2 -
4.41d B 1 38 28 27 - t r - - - 2 t r
4 .42a A 1 3 - 68 - - 25 - - -  ■
4.42a B 1 32 27 31 - 3 1 - - 2 t r
4.42b A - - - 100 - - - - - - -
4.42b B 1 40 35 25 - tr - - - 2 t r
4 .42c A t r t r - 68 - 2 27 - - - -
4.42c B 2 t r 1 43 - 49 3 1 1 tr -
4.42d - 3 29 33 30 - 3 tr - - 1 tr
4.42e - - - - 100 - - - - - - -
4.42f - 2 51 35 9 - tr - t r - t r -
4.47a - - - - 100 - - - - - - -
4.47b - t r t r 15 15 - 65 4 1 1 tr -
4.47c A - - - 100 - - - - . - - -
4.47c B t r 30 30 35 - 4 tr t r - t r -
4.47d - - - - 100 - - - - - - -
4.47e - 1 tr 10 22 65 5 t r 2 t r -
4.47f - - 100 - - - - - - -
4.47g - t r t r 5 24 - 63 4 1 2 1 -
4.47h - 2 20 50 25 t r t r - - - 1 -
4.47i A - - - 100 - - - - - - -
4.47i B 1 15 30 35 - 15 2 t r 1 t r -
4.48 - t r t r 1 35 - 35 30 1 2 tr -
4.49a - 4 55 30 5 - - - - - t r -
4.49b A - - - 100 - - - - - - -
4.49b B 1 38 30 27 - t r - - - 2 tr
4.49c A 1 35 1 57 ■ - - 2 - - 1 -
4.49c B 1 38 28 29 - 1 - - - 2 tr
4 .50a A - - - 100 - - - - - -
4.50a B t r 38 36 27 - t r - - - 1 tr
4.50b - 2 30 34 32 - 2 - - - 2 tr
4.50c - 3 49 37 8 - t r - - - 1 -
Table 4.1 (continued)
Si02 39.37%
Ti©2 1.25
A12°3 12.08
Fe2°3 5.45
FeO 1.17
MnO 0.30
MgO 23.37
CaO 1.46
Na2 ° 0.80
* 2 ° 2.46
H .0 + 105°C 5.18
H O  -  105oC 6.02
C02 0.60
P2°5 0.15
Li2 ° 0.03
Zr02 nil
Cr2°3 nil
V2°3 nil
NiO nil
CoO nil
BaO 0.03
a 0.02
F nil
S°3 0.02
S 0.18
Table 4 .2
Chem ical analysis of com m ercial verm iculite
B ille t Sample Position on B illet Total Oxygen Content wt. %
Edge -
Middle M id-thickness 0.0023
Centre -
Edge • -
Bottom M id-thickness 0.0022
C entre 0.0029
Edge 0.0019
Top M id-thickness 0.0025
Centre 0.0016
Edge 0.0025
Middle M id-thickness 0.0026
C entre 0.0022
Edge 0.0025
Bottom M id-thickness 0.0023
C entre 0.0028
Edge 0.0038
Top M id-thickness 0.0035
Centre 0.0033
Edge 0.0047
Bottom M id-thickness 0.0026
C entre 0.0028
Edge 0.0034
Middle M id-thickness 0.0028
C entre 0.0038
Table 4 .3
T ria l ca s t A .l  -  Total oxygen content of b ille t sam ples 
from  to p , m iddle and bottom  of ingots
Analysis (wt. (,7) C/2
0. 37
0. 45
0. 45
0. 38
0. 39
1.60
o'0}a
2.8901 T
00C’**CM
2. 42
2.69
1. 43
BaO
< 0. 2
CM©V
< 0. 2
< 0.2
< 0. 2
< 0.2
O'
O
©
©V
©V
©V
< 1. 0
oH
©V
< 0. 5
< 0. 5
lO©V
LO©V
< 0.5
OCDo
< 1.0©V
©rHV
< 1.0
< 1.0
< 1.0
TotalIron19. 0
16. 3
19.6
20.1
21.7
13.1
o'<
3. 4
4. 3
4.7
4. 3
5. 200*
Oc
7. 9©00
6.7
00LO
6.4
18. 5
s
oci
4.6
©
9. 3
©00
6.7
CaO
38. 9
COCO
40. 5
38.6
36. 5
t" ,CMCM
O'u)
14. 9
©t.OrH
12. 1
10. 200©*
21.7
Details
Bath at melt out
Bath after oxygen blow and slag flush
Bath after further oxygen blow and 
slag flush
Bath
Bath prior to FeMn block
Final ladle slag after teeming ingots
Time after 
Melt out 
(minutes)©
CM
23. 5
27.5
32. 5
83. 5
Slag
Sample-
CM
CO
Hj4
LO
©
ThTjjCD■8H
COboctjCGoCGCDCGdd<ffl+jCGdori•HH
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DEOXIDIZER IN SOLUTION. » t. \
Fig . 2 .1
Deoxidation equilibria  in liquid iron  alloys a t 1600°C 
(After Turkdogan and Fruehan, Ref. 11)
Nb, Si, V
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F ig . 2 .2
Effect of various elem ents on the activ ity  coefficient of 
oxygen in iron  a t 1600°C 
(After Turkdogan and Fruehan, Ref. 11)
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Fig« 2 .3
Effect of m anganese on the silicon-oxygen equilibrium  
in liquid iron  a t 1550°C 
(After B ell, Ref. 17)
I500*C
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LIQUID OXIDE
0.00.60.2 0.4
MANGANESE, • '  %
F ig . 2 .4
Composition of liquid o r solid  FeO-MnO deoxidation product 
in equilibrium  with Fe-O -M n m elts 
(After Turkdogan, R efs. 10 and 20)
0 .20 -
LIQUID OXIDE0.15
SOLID OXIDE
0.10
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0.05
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MANGANESE, Wt %
0
F ig . 2 .5
M anganese and oxygen contents of iron  in equilibrium  with 
FeO-MnO liquid o r  solid deoxidation product 
(After Turkdogan, Ref. 10)
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F ig . 2 .6
Silicon and oxygen contents of iron  in equilibrium  with solid s ilica  
(After Turkdogan, R ef. 10)
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0.01
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°  WITH SOLID MnO(FeO) SOLUTION
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F ig . 2 .7
Equilibrium  data on sim ultaneous deoxidation of stee l by 
silicon and m anganese a t 1600°C 
(After Turkdogan, Ref. 10)
0.05
0.2
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B
ib-35 Si02 - SATURATEDi/>z 0.03oz 0 3z<t2UJa:
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SILICON ADDED, « l  %aio 0.15 0.20
0.01 0.150.05
SILICON REMAINING IN SOLUTION, m l  %
0.10
I
F ig . 2 .8
Residual oxygen and silicon contents of iron  a fte r deoxidation of 
0.1% O stee l a t 1650°C for various residual 
m anganese contents from  0 . 2  to 0 . 6 %
(After Turkdogan, Ref. 20)
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Fig . 2 .9
C ritica l silicon and m anganese contents of stee l in equilibrium  with 
s ilic a -sa tu ra te d  deoxidation product, com prising alm ost pu re  
m anganese s ilica te , a t various tem peratu res 
(After Turkdogan, Ref. 20)
•  O j - f r e e  a tm o s p h e re  
I  A tm o s p h e re  w ith  O 2
0 . 2
0 .1
Q 0.01
0-001
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Fig . 2.10
Reactions between alum inium  and dissolved oxygen in liquid iron  a t 1600°C 
in a s tream  of argon (kinetic tests) o r  in a s tream  of argon and oxygen 
(p rogressive  deoxidation tests) G + C is  the equilibrium  curve of 
Gokcen and Chipman; H + C is  the curve of Hilty and C rafts 
(After Repetylo et a l, Ref. 29)
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0.06
Inclusions in liquid ste e l
P 2 to ta l
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F ig . 2.11
V ariation of oxygen and inclusion content during prec ip ita tion  deoxidation 
(After Plftckinger and W ahlster, R efs. 32 and 33)
i—  Submerged solid addition
L_ Imorteri liquid addition
6 ° R |
012%  AL
mo
.4 0zuo>-
XO
2 0 -
V
Ol L
0 30 60 90 120 150TIME, s
F ig . 2 .12
V ariation of dissolved oxygen with tim e fo r two methods of alum inium  addition 
(After O lette, G atellier and T ors  se ll, Ref. 34)
N u c le a t io n o f  S i 0 2 -------------- N ucleation  of FeO ( I )
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C om position  
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chanrjc  from liquid 
iron ox ide to  S iO .
0 1
Oxygen, wt-%
F i g .  2 .1 3
Effect of in te rfac ia l energy, p , on the degree of supersa tu ra tion  requ ired  for 
nucleation of oxides in the Fe-O -S i system  atl536°C.cr in J/m ^xlO ^ (erg/cm ^)
(After Turpin and E llio tt, Ref. 43)
 Nucleation of AI20 3(s)  Nucleation of h e r c y n ite  Nucleationof FeO (I)
2 0 0 0 7 ^
% %
_  C om position  
w h t i l  
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NT* 1(T
Oxygen, wt-%
F ig . 2 .1 4
Effect of in terfac ial energy, (j, on the degree of supersa tu ra tion  req u ired  for 
nucleation of oxides in the Fe-O -A l system  a t 1536°C.or in J /m 2 x l()3  ( e r g /c m ^  )
(After Turpin and E llio tt, R ef. 43)
Silicon, wt-%
F ig . 2 .15
Effect of in te rfac ia l energy, or, on the degree of supercooling req u ired  for 
homogeneous nucleationof oxides in Fe-O -S i m elts  at 1536°C.ct in J /n £  x 103  (e rg /cm 2)
(After Turpin and E llio tt, Ref. 43)
J A n a ly s is  o f  s a m p le s  
a 0 e m f  I I
1650
1600
6 °C
XX) 110 120
m in  s  m inTIME
F ig . 2 .16
P recip ita tion  of oxide inclusions during cooling of a liquid F e-O -S i alloy
from  1625°C to 1550°C 
a 0  emf = oxygen activ ity  determ ined  electrochem ically  
a 0  eq = oxygen activ ity  determ ined from  silicon content 
(After T o rse ll, G atellier and O lette, Ref. 45)
Fe 0 .1 0 . 2 0.3 0.4 0.5% 0  
F ig . 2.17
Equilibrium  com positions and com positions necessa ry  for homogeneous 
nucleation of SiOg (S) and FeO (L) in Fe-O -Si alloys at 1550°C. In terfacia l
energy, a  in J /m ^ x  103  (erg/cm ?)
(After Sigworth and E llio tt, R e f .44)
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F ig . 2.18
Equilibrium  and nucleation com positions for Fe-O -S i 
alloys at 1550°C 
(After Sigworth and E llio tt, R e f .44)
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F ig . 2 .19
Conditions for form ation of nuclei in the 
Fe-O -A l system  
(After Vorobnev and Levin, R ef. 47)
»-zlU►-zou
zuio>-Xo E q u i l ib r iu mF e - A l - O
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Al C O N T E N T ,  1 .
F ig . 2.20
Conditions for form ation of alum ina at 1600°C 
(After F o rs te r  and R ich te r , R efs . 53 and 54)
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F ig . 2.21
V ariation of dissolved oxygen in m olten steel during teem ing 
(After F o rs te r  and R ich te r , R efs. 53 and 54)
Race of measurement: ladle 3 6m above bottom  
Teeming temp 1 590°C  
Al-content = 0  04%
Start of casting 'first group
[o]L
DIRECTION OF SOLIDIFICATION
F ig . 2.22
In crease  in oxygen ahead of the solidification front 
(After Duckwitz e t a l, R ef. 56)
S o lid ' Liquid
•c r it-
DIRECTION O F  S O LID IF IC A TIO N
F ig . 2.23
V ariation of oxide super satu ration  ra tio  a t the so lid /liquid  in terface  during solidification 
oi0 = oxide supersa tu ra tion  ra tio  before solidification 
a c r i t  = c r itica l oxide supersa tu ra tion  ra tio  
(After Duckwitz et a l, Ref. 56)
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F ig . 2.24
Conditions fo r form ation of alum ina and carbon monoxide 
(After F o rs te r  and R ich ter, Ref. 53)
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F ig . 2.25
Schem atic d iagram  of inclusion growth 
(After Lingborg and T o rs  se ll, Ref. 59)
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F ig . 2.26
Effect of num ber of nuclei on ra te  of inclusion growth 
Z = num ber of growing inclusions p e r  cm3, in itia l equilibrium  oxygen content, 
[ % 0]j = 0 .05, final equilibrium  oxygen content, [ % 0]f = O and depth of
liquid s tee l, 1 Q = 2 m 
(After Turkdogan, Ref. 60)
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F ig . 2.27
Effect of num ber of n u c le i, Z , on ra te  of ascent of inclusions 
(After Turkdogan, R ef. 60)
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F ig . 2.28
Effect of num ber of n u c le i, Z , and holding tim e on average 
to tal oxygen content of steel 
(After Turkdogan, R ef. 60)
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F ig . 2.29
Calculated data on average to tal oxygen content of steel as function of 
num ber of evenly-distributed nuclei/cm ^ in a quiescent m elt and 
holding tim e after deoxidant additions.
[% Oj = 0 .05 , [% 0 ]f = 0 and l 0  = 2 m  
(After Turkdogan, R efs. 10 and 60)
O n /jtn  (ppm)
200
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2 S I0 to
Tim t a t h r  addition (m m u tts)
F ig . 2.30
V ariation in oxygen content of liquid steel as a function of tim e after 
addition of 0.45% Si as pure  silicon with Mn/Si = 0 o r as  silicon- 
m anganese alloy with Mn/Si = 2.45 in a quiescent and s tir re d  m elt
(After G rev illiu s, R ef. 61)
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F ig . 2.31
Size d istribu tion  of SiC^ inclusions after 10 s and 
1 0 0  s of deoxidation tim e 
(After Lindborg and T o rsse ll, R ef. 59)
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F ig . 2.32
Size d istribution  of SiC> 2 inclusions produced by deoxidation
with silicon 
(After M iyashita, R e f .63)
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TIME, MINUTES
100
F ig . 2 .33
Tim e for com plete separation  of oxide inclusions calculated 
for a  stagnant m elt 5, 50 and 200 cm  deep with [% 0]i = 0.05 
as a  function of num ber of evenly-distributed nuc le i/cm 3
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F ig . 2 .34
V ariation in to tal oxygen content afte r 3% addition 
of various deoxidants in the ladle 
(After P lockinger and W ahlster, R ef. 32)
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F ig . 2.35
Conditions fo r the form ation of fluid m anganese s ilica te s  a t 1520°C 
(After K orber and Oelsen, Ref. 14)
F ig . 2.36
Scanning e lec tro n  m icrographs of s ilica te  inclusions in 
a s -c a s t  Fe-O -S i alloy a fte r  etching in b rom ine-m ethanol. 
Mag. (a) x 230, (b) x 575, (c) x 1150.
#43
The octW lty__
mg H O i /m m *Vs^  S ( ° 2
V  c rucib le
I , 0.1 m g/m m *|
Silica Crucible
Crucible Surface Wt. o S i0 2
Section A rea , mm^ mg %
1 1450 1 0 0 15
2 3110 380 *
3 2580 140 - 854 1 2 0 0 30
5 250 1 0 •
F ig . 2.37
Amount of SiC^ on different p a r ts  of s ilica  crucib le  
(After Lindskog, Ref. 84)
# 31
A l,0 ,
crucibl*
V s/w # x?m .
#20
Alumina Crucible
Crucible Surface Wt. oi S i0 2
Section A rea , mm^ mg %
1 1 2 0 0 140 1 0
2 2580 490
3 2 1 0 0 300
4 2 1 0 0 390 ► 90
5 1150 1 2 0
6 250 50 -
F ig . 2.38
Amount of SiC> 2 on d ifferent p a r ts  of alum ina crucib le  
(After Lindskog, Ref. 84)
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F ig . 2 .39
Influence of m echanical s tir r in g  on the elim ination of inclusions 
(After T o rsse ll, G atellier and O lette, Ref. 45)
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a  = solid solution of A l20 3 in CaF2 
P = solid solution of CaF2 in Al20 3
F ig . 2.40
Liquidus of CaF£ -  AI2 O3  system  
(After Choudhury and W ahls te r , Ref.. 91)
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p  = solid solution of N a3AlF6 in Al20.
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F ig . 2.41
Na3AlFg -  AI2 O3  system  
(After Choudhury and W ahlster, H ef. 91)
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Liquidus of AI2 O3  -  C aF 2  -  Na3 A lF 0  system  
(After Choudhuiy and W ahlster, Ref. 91)
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F ig . 2.43
Kinetics of reaction  between silicon and dissolved oxygen in 
liquid iron  a t 1600°C 
(After G atellier, T o rse ll and O lette, R efs. 45 and 92)
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Deoxidation with aluminium
—  Total oxygen
Dissolved oxygen -
Oxygen present in the inclusions
1 0 1 5 2 0TIME AFTER ADDITION, min
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K inetics of reaction  between aluminium and dissolved oxygen 
in liquid iron  a t 1600°C 
(After G atellier, T o rsse ll and O lette, R efs. 45 and 92)
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Morphology of a droplet of m etal res tin g  on a solid support 
(a) no wetting; (b) wetting tendency 
(After Kozakevitch and O lette, Ref. 93)
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2000
1 2 3 4  5  6  7 8
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D istribution of num ber and size  of alum ina inclusions 
following deoxidation of an iron  bath by aluminium 
(After G atellier, T o rsse ll and O lette, R efs. 45 and 92)
F ig . 2 .47
Scanning e lec tro n  m ic ro g rap h  of alum ina c lu s te rs  
a f te r  etching in b rom ine-m ethano l 
Mag. x 1600
METAL BATH
Metal / Void meniscus
Inclusion Inclusion
Initial contact 
between inclusions
Void
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F orm atio n  of inclusion  ag g lo m era tes  
(A fter Knuppel, B ro tzm ann  and F o r s te r ,  R ef. 58)
0 -3 m  of iron *13101 
1 0 m  of iron ♦ 1a tm
1-875m  of iron ♦ 1 a tm4 -0
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Fig . 2 .49
Effect of angle of contact between m etal and inclusion, 
the rad ius of the partic les  and the fe rro s ta tic  p re s su re  
on the streng th  of agglom eration of two solid p a rtic le s  
im m ersed  in liquid stee l 
(After B aptizm anskii e t al, Ref. 99)
Fig. 2 .50
Electron m icrograph of a carbon rep lica  of a dendritic  alum ina c lu s te r  
(After T o rsse ll and O lette, R ef. 100)
F ig . 2.51
Scanning electron  m icrograph of alum ina c lu ste rs  in a s -c a s t  steel 
containing 0.05% C, 0.30% Mn, 0 . 0 2 % Si and 0.06% A1 
(After Rege et a l, Ref. 101)
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Scanning e lectron  m icrograph of alum ina c lu ste r 
a fte r etching in brom ine-m ethanol 
Mag. x 3900
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Fig. 2,53
V ariation of ra te  of flotation of c lu ste rs  of solid inclusions 
according to Stokes1 law , as a function of th e ir  m ean 
d iam eter, fo r c lu ste rs  containing different 
proportions of inclusions 
(After Kozakevitch et a l, Ref. 93)
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Fig. 2 .54
V ariation of ARO^ content of inclusions during boil 
(After P ickering , R ef. 102)
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Fig . 2 .55
V ariation in MnO content of inclusions during boil 
(After P ickering , R ef. 102)
8 0
4 0 -
•  H igh-carbon steels  
o  L o w -c a r b o n  steels
8 0 1 6 04 0 1 2 00
TIME AFTER MELT-OUT,min
Fig. 2 .56
V ariation in CaO content of inclusions during boil 
(After P ickering , R ef. 102)
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Effect of ra te  of carbon oxidation on maximum 
size  of inclusions picked up during the boil 
(After P ickering , Ref. 102)
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Fig. 2 .58
V ariation in CaO content of s ilica te s  during 
the boil in basic open-hearth  p ro cess  
(After P ickering , R ef. 102)
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V ariation in inclusion com position during 
reducing period  following CaSi additions 
(After P ickering , R ef. 102)
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Fig. 2 .60
V ariation in inclusion com position during 
reducing period  following FeSi additions 
(After P ickering , Ref. 102)
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V ariation in inclusion com position during reducing period  with p ro g ress iv e  
additions of alum inium -bearing fe rro -a llo y s  
(After P ickering , R ef. 102)
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Composition of s ilica te  deoxidation products during refining following the  
sim ultaneous addition of alum inium  and fe rro -s ilic o n  
(After P ickering , R ef. 102)
oe
o<- J
Z
nOCM<
4 00 6 020 8 0  1 0 0  1 2 0  140
TIM E A F T E R  A L U M IN IU M  A D D I T I O N , m m
F ig . 2 .63
V ariation in AI2 O3  content of slag  during refining 
(After P ickering , Ref. 102)
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V ariation in inclusion com position during reducing p e rio d  
following a p rim ary  alum inium  addition 
(After P ickering , Ref. 102)
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Effect of turbulence during refining period 
on CaO content of s ilica tes  
(After P ickering , R ef. 102)
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V ariation in  size  of s ilic a te  inclusions during refining 
(After P ickering , R ef. 102)
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Correspondence between analyses of inclusions in the ladle 
and the ladle slag  analysis 
(After P ickering , R ef. 102)
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Effect of tapping on maxim um  size  of inclusions 
(After P ickering , R ef. 102)
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Fig . 2 .69
Effect of tapping and of aluminium added to  
ladle on size  of inclusions 
(After P ickering , R ef. 102)
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Fig. 2 .70
Effect of alum inium -bearing silicon  deoxidants added 
to  the lad le  on A12 0 3  content of inclusions 
(After P ickering , R ef. 102)
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Fig. 2 .71
R elationship between s ize  and A12 0 3 : CaO ra tio  
of calcium  alum inates during teem ing 
(After P ickering , R ef. 102)
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In crease  in M n0:Si0 2  ra tio  of s ilica tes  with increasing  
tim e in ladle fo r basic open-hearth  s tee l 
(After P ickering , R ef. 102)
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V ariation in AI2 O3  and T i0 2  contents of s ilica te s  during teem ing 
(After P ickering , R ef. 102)
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Sizes of inclusions during teem ing 
(After P ickering , R ef. 1 0 2 )
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Fig. 2 .75
V ariation in m aximum size  of s ilica te  erosion products during teem ing
(After P ickering , Ref. 102)
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Effect of alum inium -silicon deoxidant added to ingot mould 
(After P ickering , R ef. 102)
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Effect of feeder head compound on occurrence  of 
calcium  a lum ino-silica te  inclusions 
(After P ickering , Ref. 102)
A E xo th erm ic  com pound  (a v e r a g e  o f  4  trials! 
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(a v e r a g e  of 2  tr ia ls )
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Effect of deoxidation addition on the com position of the p rim a ry  deoxidation
products in the lad le  
(After W ahlster et a l, Ref. 116)
Deoxydation 4 0 kg Si per Ton 10 kg Al per Ton
+ MnO+ CaO Wt-°/c
• Ladle Samples after Tapping (I) Samples during Teeming 40 to 50min after Tapping (E) a Samples from Plates (M)
Al203
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V ariation in composition of p rim ary  oxide inclusions during teem ing 
(A fter W ahlster et a l, R ef. 116)
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Influence of deoxidation p ro cess  on the solubility product of 
aluminium and oxygen, [%A1] 2 [%0] 3 
(After W ahlster et a l, Ref. 116)
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Teem ing s tream  p ro tec to r fo r distributing argon around the  teem ing s tream
to preven t a tm ospheric  reoxidation 
(After Hoffman et a l, Ref. 131)
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Rough and smooth lad le  s tream  entering a tundish 
(After L ittle  et a l, R ef. 137)
F ig . 2 .83
Ladle s tream  appearance 5, 20 and 35 m in (left to righ t)after s ta r t  of teem .
F ilm  speed 2000 fram es p e r  second 
(After L ittle  et a l, Ref. 137)
open closed
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Ladle s tream  appearance as stopper rod is  low ered at end of a teem ing cycle
(After L ittle  et a l, Ref. 137)
Deoxidatton Reoxi dation
Manganese Manganese
Oxide
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Schem atic form ation of inclusions in a s -c a s t  stee l deoxidised with
silicon-m anganes e 
(After F a r re l l  et a l, Ref. 139)
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Schem atic form ation of inclusions in a s -c a s t  s tee l deoxidised with alum inium
(After F a r re l l  et a l, Ref. 139)
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Effect of increasing  MnO content on the m elting-point of fireb rick
(After R ait, Ref. 149)
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V ariation  in composition of su rface  la y e r  of fireb rick . A re p re se n ts  in itia l 
b rick  composition, B rep re se n ts  com plete conversion of Si0 2  to MnO 
(After Stephenson et a l, Ref. 156)
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Exogenous inclusion form ation owing to m anganese attack of firec lay  b rick s  
(After W ahlster et a l, R efs. 116,117,157)
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Chem ical equilibria between alum inium -deoxidised s tee l and re fra c to ry
oxides a t 1550°C 
(After Schw erdtfeger and Schrewe, Ref. 159)
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The binary  system  C r-F e  fo r a  20° take-off angle and a 25 kV operating voltage
(After S a lte r, re f . 167)
F ig . 3 .3
T ern ary  correction  curves fo r A l2 C>3 -SiC)2 -MnO
(a) AI2 O3  in (MnO + Si0 2 )
(b) Si02 in (MnO + AI2 O3 )
(c) MnO in (Si0 2  + AI2 O3 )
Take-off angle 20°; operating voltage 25 kV (After S a lte r, re f . 167)
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T ria l c as t A .l  -  Inclusions p re sen t in ladle during vacuum degassing  x 750
F ig . 4 .4
T ria l c as t A .l -  Inclusions p re sen t in ladle s tream  during teem ing x 750
a b
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T ria l cast A .l  -  Inclusions p re sen t in ladle s tream  during teem ing x 750
F ig . 4.6
T ria l cas t A .l  -  Inclusions p re sen t in ingots during teem ing x 750
F ig . 4.7
T ria l cas t A .l  -  Inclusions p re sen t in ingots during teem ing x 750
b
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T ria l c a s t A .l  -  Inclusions p resen t in b ille ts  x 750
bFig . 4 .9
T ria l ca s t B . l  -  Inclusions p resen t in furnace during steelm aking  x 750
aB
• mm r
Fig . 4.10
T ria l cas t B . l  -  Inclusions p re sen t in furnace during steelm aking x 750
T ria l cas t B . 1 -
i 1« .1 • .    . r---. ■ ' • • • ■ : '«
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Inclusions p re sen t in ladle a fte r  tapping x 750
mmm
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T ria l ca s t B . l  -  Inclusions p re sen t in ladle s tream  during teem ing x 750
Fig . 4.13
T ria l cas t B . l  -  Inclusions p re sen t in ingots during teem ing x 750
T ria l c as t B . l -  Inclusions p re sen t in b ille ts  
(a) and (b) x 150; (c)-(f) x 750
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Fig . 4.15
T ria l c a s t B . l  -  V ariation in total oxygen content of b ille t sam ples from  ingot no. 6
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T ria l ca s t B . l -  V ariation in total silicon content 
down ingot 6
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T rial c as t B .2  -  V ariation in total oxygen content of b ille t sam ples
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T ria l ca s t B. 2 -  V ariation in total oxygen content down 
ingots 1 , 6 , 7 and 1 2
Total silicon content, wt. %
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T ria l c as t B. 2 -  V ariation  in to tal silicon content down 
ingots, 1, 6 , 7 and 12
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T ria l c as t B .2  -  Inclusion p re sen t in ingot during teem ing x 750
Total oxygen content, wt %
0.04
.0 B - 8
.B - 13
0.03
0.02
M - 1
0.01
T -
CentreMid-ThicknessEdge
Position on Billet
Ingots 1, 8  and 13 (uphill-teem ed)
B = bottom b ille t sam ple (98% down ingot)
M = middle b ille t sam ple (60% down ingot)
T = top billfet sam ple (7% down ingot)
F ig . 4 .24
T ria l cas t B .3  -  V ariation in total oxygen content of b ille t sam ples
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T ria l c a s t B .3 -  V ariation in to tal oxygen content down 
ingots 1, 8  and 13
Total silicon content, wt. %
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Fig . 4.26
T ria l ca s t B .3  -  V ariation in total silicon  content down
ingots 1  and 8
<N
bfi
P«4
£.25 -9
^ 1„  -u C O  JH• oPQ o
d  OQ
RCDCD
T3
§
bOa• pH
S4$
fabs=J
i
iO-j-jTO
;oajciai
Ti
me
Total oxygen content, w t. %
0.04
0.03 _
0 . 0 2 -
0.01  -
B -l
B-13
yP  B -8
M -l
o r '
M-13
T-13 
T - l  
—O T-8
Edge M id-Thickness 
Position on b ille t
C entre
Ingots 1, 8  and 13 (uphill-teem ed)
B = bottom b ille t sam ple (98% down ingot) 
M = middle b ille t sam ple (6 8 % down ingot) 
T = top b ille t sam ple (7% down ingot)
F ig . 4.28
T ria l c a s t B .4 -  V ariation in total oxygen content of b ille t sam ples
Total oxygen content, w t. 7o
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T ria l cas t B .4  -  V ariation in total oxygen content down 
ingots 1, 8  and 13
Total silicon content, w t. %
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T ria l cas t B .4  -  V ariation in total silicon  content down 
ingots 1, 8  and 13
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Fig . 4 .32
T ria l cas t C . l  -  Inclusions p re sen t in furnace during steelm aking  x 750
Fig . 4.33
T ria l cas t C . l  -  Inclusions p re sen t in ladle a f te r  tapping x 750
F ig . 4.34
T ria l cast C .l  -  Inclusions p re sen t in ladle s tream  during teem ing x 750
F ig . 4 .3 5
T ria l c a s t  C . l  -  Inclusions p re s e n t  in ingots d u ring  teem ing  x 750
Aluminium content, wt %
0. 015
0. 010
0. 005
I I I 1 A1n ,1^2,
‘O Total
* Insoluble
-• Soluble
X X
60 120 180 
Time after melt out, min
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T ria l cast C . l  -  V ariation  in alum inium  content of bath, lad le  and
ingot sam ples with tim e
Aluminium content, w t1 
0. 010 -
0.005
Teem plates 1 2 3 4 5< X  X ------ » <— X ----->
o Total
A/  \  Insoluble
Soluble
180 210 Time after melt out, min 240
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T ria l cast C . l  -  V ariation in  alum inium  content of lad le  s tream  sam ples w ith tim e
Fig . 4.38
T ria l cas t C .2 -  Inclusions p re sen t in furnace during steelm aking  x 750
F ig . 4 .39
T ria l cas t C .2  -  Inclusions p re sen t in furnace during steelm aking x 750
F ig . 4 .40
T rial c a s t C .2  -  Inclusions p re sen t in ladle a fte r  tapping x 750
F ig . 4 .41
T r ia l c a s t  C .2  -  Inclusions p re s e n t  in lad le  s tre a m  du ring  teem ing  x 750
c
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T r ia l  c a s t  C .2  -  Inclusions p re s e n t in ingots during  teem ing  x 750
Al.
Aluminium content, wt%
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T ria l ca s t C .2 -  varia tion  in alum inium  content of 
bath , ladle and ingot sam ples with tim e
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T ria l cas t C .2 -  varia tion  in alum inium  content of
lad le  s tream  sam ples with tim e
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T r ia l cas t C .2  -  V aria tion  in sulphur content of bath, lad le  and 
ingot sam ples with tim e
Teem Ingots 
1 2 3 4 5
Sulphur content wt %
0. 005
240210180150
Time after melt out, min
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T ria l cast C .2  -  V ariation  in sulphur content of lad le  s tream  sam ples w ith tim e
T r ia l cas t C .3 -  Inclusions p re sen t in furnace during steelm aking x 750
F ig . 4.48
T ria l c as t C .3 -  Inclusion p re sen t in ladle a fte r tapping x 750
aF ig . 4 .4 9
T r ia l c a s t C .3  -  Inclusions p re s e n t in lad le  s tre a m  d u ring  teem ing  x 750
T ria l ca s t C . 3 -
c
F ig . 4 .5 0
Inclusions p re s e n t in ingots d u ring  teem ing  x 750
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T ria l c as t C .3 -  varia tion  in alum inium  content of 
bath , ladle and ingot sam ples with tim e
Teem Ingots 
■*»« 2 >« 3 >
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x—
180 240Time after melt out, min
F ig . 4.52
T ria l cas t C .3 -  varia tion  in alum inium  content of
ladle s tream  sam ples with tim e
Desulfex AiA1 FeSi Desulfex I FeMn
1 1  r H  r Tap
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Sulphur content, wt % 
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T ria l cas t C .3  -  V ariation  in sulphur content of bath, lad le  and 
ingot sam ples with tim e
Teem Ingots 
1 _  2 ^  3 . 4 _ „ 5,
Sulphur content, wt %
0.008
0. 006
0.004
0.002
240180 Time after melt out, min
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T r ia l cas t C .3  -  V ariation in  sulphur content of lad le  s tream  sam ples w ith tim e
Inclusion Diameter /2
100
50 -
start to degasend of tap
Time after start of tap, min
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T ria l cas t A .l  -  V ariation in average size  
of ladle deoxidation products with time
Total oxygen content, w t. %
[etal 30.03
[etal 5
0.02 .Metal 6
)Metal 11.Metal 7
0.01
Metal 8
Metal 10start to
3510 20
Tim e a fte r s ta r t  of tap , m in
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T ria l cas t A . l  -  V ariation in to tal oxygen content during vacuum degassing
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Q ualitative liquidus surface of the system  MnO-SiOg-CrgOg
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Fig. 5 .4
Trial cast B.l - Variation in AI2 O3  content of slag and inclusions during oxidation period
F ig . 5 .5
Inclusions p re s e n t  in th roug h -th ick n ess  te n s ile  sp ec im en s
(a) O ptical m ic ro g rap h  of a lum inate  s tr in g e r  x 100
(b) Scanning e lec tro n  m ic ro g rap h  of a lum inate  inc lu sions x 800
(c) Scanning e lec tro n  m ic ro g rap h  of m anganese sulphide x 400
